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O LorD, our Lord,
how majestic is your name in all the earth!

You have set your glory
above the heavens.

From the lips of children and infants
you have ordained praise

because of your enemies,
to silence the foe and the avenger.

When I consider your heavens,
the work of your fingers,
the moon and the stars,
which you have set in place,
what is man that you are mindful of him,
the son of man that you care for him?
You made him a little lower than the heavenly beings
and crowned him with glory and honour.

You made him ruler over the works of your hands;
you put everything under his feet:
all flocks and herds,
and the beasts of the field,
the birds of the air,
and the fish of the sea,
all that swim the paths of the seas.

O LoORD, our Lord,
how majestic is your name in all the earth!

Psalm 8
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Chapter 1

Introduction

1.1 Quantum mechanics

Newton’s Principia Mathematica was the climax of a revolution in man’s perception of the
Universe, resulting in the acceptance of mathematical physics as a reliable and powerful
tool for describing nature. The same laws which accurately predicted the motion of plan-
ets around the sun also accounted for the trajectories of terrestrial projectiles, including
that legendary windfall apple. So remarkable was the enormous range of scales over which
the laws were observed to work, that many believed that they applied universally. Two
centuries later, however, a second revolution took place in which classical Newtonian me-
chanics was found to be inadequate for explaining phenomena on the atomic scale, and a
new theory was required. This theory was quantum mechanics.

Despite the philosophical questions of interpretation [1] which arise from the new the-
ory, few question the astounding accuracy with which quantum mechanics describes the
world around us. The favourite example cited is that of relativistic quantum field theory’s
prediction of the gyromagnetic ratio of the electron [2], which agrees with experiment [3]
to better than one part in a million. Today there is little doubt that quantum theory ap-
plied to electrons and atomic nuclei provides the foundation for all of low-energy physics,
chemistry and biology, and that if we wish to describe complex processes occurring in real
materials precisely, we should attempt to solve the equations of quantum mechanics.

Unfortunately, the equations are too complicated to be solved analytically for all but
the simplest (and hence most trivial) of systems. The only hope of bringing the power
of quantum mechanics to bear on real phenomena of genuine interest to contemporary
scientists, and of relevance to our society in general, is to solve the equations numerically

by modelling the processes of interest computationally.
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1.2 Computer simulations

Many aspects of computational modelling make it a worthy partner of experimental science.
The chemist studying a particular reaction can reach into the computer simulation, alter
bond lengths or angles, and then observe the effect of such changes on the process taking
place. The geophysicist interested in phase transitions occurring deep inside the earth can
model pressures and temperatures which could never be reached in a laboratory. All of
this can be achieved with a single piece of apparatus — the computer itself.

Quantum-mechanical calculations stand out because they are by design ab initio i.e.
from first-principles, calculations. They do not depend upon any external parameters
except the atomic numbers of the constituent atoms to be modelled and cannot therefore
be biased by preconceptions about the final result. Such calculations are reliable and can
be used with confidence to predict the behaviour of nature.

Nevertheless, the same complexity which precludes exact analytical solution also results
in the highly unfavourable scaling of computational effort and resources required. The
computational demands of exact calculations grow exponentially with the size of the system
being studied, so that they are too costly to be of significant practical use. Despite the
relentless progress of computer technology, this scaling makes this approach inviable for
some time yet.

Well-controlled approximations can be employed to enable the equations to be solved
much more efficiently without sacrificing the predictive power or parameter-free nature of
quantum-mechanical calculations. Much progress has been made in recent years in develop-
ing methods which exhibit polynomial rather than exponential scaling. One such method,
that of density-functional theory, coupled with a simple description of the quantum-
mechanical effects of exchange and correlation and the pseudopotential approximation,
has proved to be remarkably successful and is currently applied worldwide by scientists in
a wide range of disciplines. Even this method, however, requires a computational effort
which scales with the cube of the system-size i.e. is O(N?3), and so is limited in the scale
of simulation which can be realistically attempted.

The aim of the work described in this dissertation is to develop new schemes for perform-
ing density-functional calculations which lose none of the accuracy of current approaches,
but which require an effort which scales only linearly with system-size i.e. O(N). A ten-fold
increase in computing power then results in a ten-fold increase in accessible system-size.
Therefore these methods are sought after not only because they increase the range of ap-
plicability of quantum-mechanical calculations now, but also because they will take full

advantage of future improvements in computing resources.
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1.3 Dissertation outline

In chapter 2 we outline some of the founding principles of quantum mechanics, highlighting
the origin of the complexity of the problem of quantum-mechanical many-body systems,
describing how the electronic and nuclear degrees of freedom can be separated and demon-
strating the power of variational methods for solving the quantum-mechanical equations.

In chapter 3 we turn to a description of the problem of the inhomogeneous “gas” of
interacting electrons moving in a static potential due to the nuclei. Density-functional
theory allows us to tackle the many-body problem and obtain all of the ground-state prop-
erties of the electronic system. We outline in particular the local density approximation
for exchange and correlation, the treatment of periodic systems and the pseudopotential
approximation. The latter allows the calculation to be simplified by eliminating the chem-
ically inert core electrons from the simulation.

In chapter 4 we generalise DFT to include partial occupation of single-particle states.
From this the density-matrix formulation of density-functional theory can be derived, and
we show how this can be used to obtain a foundation for linear-scaling methods. We
discuss the various requirements this makes on the form of the density-matrix, and also
the constraints which must be applied to obtain physically meaningful solutions, focusing in
particular on the difficult idempotency condition. We also consider some of the issues which
arise when the density-matrix is expressed in terms of a set of non-orthogonal functions.

In chapter 5 we address one of the issues raised by preliminary investigations: how
to describe the density-matrix in real-space and still deal accurately with quantities nat-
urally treated in reciprocal-space, particularly the kinetic energy. We propose a new set
of localised basis functions, for which analytic results for the overlap, kinetic energy and
non-local pseudopotential matrix elements can be obtained, thus satisfying the demand to
concentrate on a real-space description while still evaluating these quantities accurately.

In chapter 6 we discuss the use of penalty functionals to impose the idempotency
constraint. We begin by reviewing Kohn’s proposal for the use of a penalty functional
to exactly impose the idempotency constraint, and show how this is incompatible with
computational minimisation schemes. We then present an original method which uses a
penalty functional to approximately impose the idempotency constraint, but which still
allows the use of efficient minimisation algorithms. Because the density-matrix obtained
by this method is only approximately idempotent, the total energy calculated from it
differs from the true ground-state energy. We therefore show how it is possible to derive
a correction to the total energy from the penalty functional, which gives very accurate
estimates of the true ground-state energy from only approximately idempotent density-

matrices.
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In chapter 7 we outline how the scheme of chapter 6 can be implemented computation-
ally, focusing first on the calculation of the energy and its derivatives. We then examine
these derivatives to show that the two types of variation which are made are equivalent to
solving the Kohn-Sham equations and making the Hamiltonian and density-matrix com-
mute. We describe how the gradients may be improved by preconditioning, and also how
they should be corrected to take account of their tensor properties. Finally we discuss
the imposition of the normalisation constraint, and give a general outline of the scheme as
currently implemented.

In chapter 8 we describe methods for relating the different quantities used in traditional
and linear-scaling calculations and show how the results obtained from one method can
be used in the other. We concentrate on the application of such methods to obtain good
initial density-matrices for linear-scaling calculations which can speed up the convergence
to the ground-state solution.

In chapter 9 we present results for the scheme outlined in chapters 6 and 7 when applied
to bulk crystalline silicon. We show how the energy converges as the range of the density-
matrix is increased, and compare predicted physical properties with those calculated using
traditional methods and with experiment. We also consider the scaling of the method with
respect to system-size and the density-matrix range.

Finally in chapter 10 we summarise the results obtained so far and outline the direction

for future work in this field.



Chapter 2
Many-body Quantum Mechanics

In this chapter we introduce some of the principles of many-body quantum mechanics,
applied to systems consisting of atomic nuclei and electrons. First we outline the general
principles of quantum mechanics, the properties of wave-functions and operators, which
will later be used to reformulate the problem in terms of the density-matrix. We present
the Born-Oppenheimer approximation used to separate the motion of the nuclei from that
of the electrons, so that the problem is reduced to that of solving the equations of motion
for an electron gas in a static potential. The consequences of the indistinguishability of
identical particles are then discussed, as well as results of the relativistic theory of quantum
mechanics which need to be included by hand in our non-relativistic treatment. Finally
the powerful variational principle is introduced which is often used in solving the equations

of quantum mechanics.

2.1 Principles of quantum mechanics

2.1.1 Wave-functions and operators

The theory of quantum mechanics is built upon the fundamental concepts of wave-functions
and operators. The wave-function is a single-valued square-integrable function of the sys-
tem parameters and time which provides a complete description of the system. Linear
Hermitian operators act on the wave-function and correspond to the physical observables,
those dynamical variables which can be measured, e.g. position, momentum and energy.
For systems of atomic nuclei' and electrons, which are the subject of this dissertation,
the system parameters might be taken to be a set of position variables of the constituent

particles (the notation adopted in this and the following chapters is to refer to electronic

LAt the atomic energy scales which are of interest in this work, the nuclei are extremely well-described
as massive point charges and their internal structure is safely neglected.
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variables using a latin index and nuclear variables with a greek index) i.e. {{r;}, {r.}},
their momenta {{p;}, {pa}} or even a mixture of the two e.g. {{r;},{pa}}. In contrast
to a Newtonian system which is completely described by the positions and momenta of
its constituents, the quantum-mechanical wave-function is a function of only one of these
parameters per particle’?. The wave-function for the system is thus typically denoted by
U ({r:} {ra}, ).

A notation due to Dirac [4] is often employed, which reflects the fact that this wave-
function is simply one of many representations of a single state-vector in a Hilbert space,
which is written as |¥), known as a ket. There also exists a dual space containing a set of bra
vectors, denoted (¥|, defined by their scalar products and in one-to-one correspondence
with the kets. The scalar product is written as a braket and is anti-linear in the first
argument and linear in the second: thus (¥|®) = ((®|¥))*. It is worth noting here that
state-vectors which differ only by a multiplicative non-zero complex constant describe the
same state: we can thus restrict our interest to the set of normalised vectors defined such

that the scalar product of the vector with its own conjugate equals unity:
(wiw) = [ TLae; Tldrs ¥ ({ri}, {rad, ) @ (e}, {ra},0) = 1 (2.1
J B

The operator corresponding to some observable O is often written O, and in general
when this operator acts on some state-vector |U), a different (not necessarily normalised)

state-vector |®) results:

~

O[w) = |®). (2.2)

However, for each operator there exists a set of normalised eigenstates, say {|x,)}, which

remain unchanged by the action of the operator i.e.

O|Xn> = )‘n|Xn>a (23)

in which the constant A, (always real for Hermitian operators) is the eigenvalue.

The postulates of quantum mechanics [5] state that for a system in state |U):

e the outcome of a measurement of a dynamical variable is always one of the eigenvalues

A, of the corresponding operator,

e immediately following a measurement, the state-vector collapses to the eigenstate

|xn) corresponding to the measured eigenvalue?,

2We are neglecting spin in this discussion.
3For the case of eigenvalue degeneracy, the state-vector collapses to a vector lying in the subspace
spanned by all of the eigenvectors corresponding to the measured eigenvalue.
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e the probability of such a measurement? is

P(A) = [(xal O)[ (2.4)

2.1.2 Expectation values

Much of the power of the theory comes from the fact that the quantum-mechanical states
can be linearly superposed since this leads to no ambiguity in the action of linear operators®.
We now consider the quantity (¥|O]¥). From Sturm-Liouville theory, the eigenstates of the
operator O form a complete set, which means that any valid state-vector can be expressed

as a linear superposition of those eigenstates with appropriate complex coefficients {¢, }:
|\Ij> = ch|Xn>- (25)
n

These coefficients are easily obtained for Hermitian operators because the eigenstates are
orthogonal (or can always be chosen to be orthogonal in the case of degenerate eigenvalues)

which means that the scalar product of two different eigenstates vanishes:

(Xn|Xm) = Snm- (2.6)

Either taking scalar products of both sides of equation 2.5 with the eigenstates { (x|}, or

by using the following concise expression of completeness;
Z |Xn><Xn| =1, (27)
n

the expansion coefficients {c,} can be determined:

Cn = <Xn|qj>a (2-8)
) = > ) (x| ©). (2.9)

Now this result is applied to the quantity (¥|O]¥):

(IO1T) = 3~ (il )" (xml O 3= xn) (x| ¥)

= > Al TP (2.10)

4 Again, for the degenerate case, the probabilities must be summed for all eigenvectors corresponding
to the measured eigenvalue.
°For a linear operator O, O(a|A) + 8|B)) = aO|A) + BO|B).
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in which we have used the fact that O is linear, that the {|x,)} are eigenstates of O (2.3)
and the orthonormality relation (2.6).

Since the only possible outcomes of a measurement of the observable O corresponding
to operator O are the eigenvalues {),}, with corresponding probabilities |(x,|¥)|* (2.4),
the quantity (W|O|q!> is to be interpreted as the expectation value of O for a system in
state |¥). The normalisation condition (¥|¥) = 1 corresponds to the condition that the

probabilities sum to unity.

2.1.3 Stationary states

The final postulate of quantum mechanics states that between measurements, the state-

vector evolves in time according to the time-dependent Schrodinger equation®:
H|U) = 1—|\If> (2.11)

This treatment is non-relativistic: for heavy atoms there are significant relativistic effects
but these can be incorporated a posteriori in the construction of the pseudopotentials (see
3.3). The operator H is known as the Hamiltonian and is the energy operator, which for

systems of atomic nuclei and electrons takes the form

1 Zo 7
- __ v? B
D S ;; et 22 2Ty
(2.12)

in which the nuclear masses m, and atomic numbers 7, appear. The first two terms on
the right-hand side represent the kinetic energies of the electrons and nuclei respectively.
The subsequent terms describe the electron-nuclear, electron-electron and inter-nuclear
Coulomb interaction energies respectively.

Finally we note that if we solve the time-independent Schrédinger equation, the eigen-
value equation for the Hamiltonian, then the time-dependence of the wave-function takes

a particularly simple form. The following separation of variables is made:

U ({ri}, {ra},t) = ¥ ({ri}, {ra}) O(t) (2.13)

which is successful and leads to the following equations, where E is the separation constant:

HU ({r;}, {ro}) = BV ({r;},{r.}), (2.14)
i%@(t) = EO(t). (2.15)

6 Atomic units are used throughout (unless otherwise stated): h = me = e = 4dmeg = 1.
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The ordinary differential equation 2.15 is straightforwardly solved, so that eigenfunctions

of the Hamiltonian with energy E take the form:

W ({r;}, {ra}, 1) = ¥ ({r;}, {ra}) exp (—iE1). (2.16)

States which are eigenfunctions of the Hamiltonian are also known as stationary states
because the expectation values of time-independent operators for these states are also

independent of time:
(T|ojw) = /Hdrj I;Idrﬂ U ({ri}, {ra}) OF ({r;}, {ra})
= /Hdrj I;Idrﬂ T* ({r;}, {ra}) exp (iEt) OF ({r;}, {ro}) exp (—iEt)

= (U|O]W). (2.17)

From now on we shall be dealing with eigenstates of the Hamiltonian, and so will suppress
the exponential time-dependence of the state and deal directly with the time-independent
state |U) instead.

2.2 The Born-Oppenheimer approximation

The forces on both electrons and nuclei due to their electric charge are of the same order
of magnitude, and so the changes which occur in their momenta as a result of these forces
must also be the same. One might, therefore, assume that the actual momenta of the
electrons and nuclei were of similar magnitude. In this case, since the nuclei are so much
more massive than the electrons, they must accordingly have much smaller velocities.
Thus it is plausible that on the typical time-scale of the nuclear motion, the electrons
will very rapidly relax to the instantaneous ground-state configuration, so that in solving
the time-independent Schrodinger equation resulting from the Hamiltonian in equation
2.12, we can assume that the nuclei are stationary and solve for the electronic ground-
state first, and then calculate the energy of the system in that configuration and solve
for the nuclear motion. This separation of electronic and nuclear motion is known as the
Born-Oppenheimer approximation [6].

Following Ziman [7], we assume the following form of an eigenfunction for the Hamil-
tonian (2.12):

U ({ri}, {ra}) = ¥ ({r:}; {ra}) @ ({ra}) (2.18)

and require that U ({r;}; {r,}) (which is a wave-function only of the {r;} with the {r,}
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as parameters) satisfies the time-independent Schrédinger equation for the electrons in a

static array of nuclei:

U ({ri};i{ra}) = & ({ra}) ¥ ({ri}; {ra})
(2.19)

in which the dependence of the eigenvalues & on the nuclear positions is acknowledged.

SEVT Y Y

a e |rl r]|

Applying the full Hamiltonian (2.12) to the whole wave-function:

HY ({r:), {ra)) = Z v2+5 ({ra)) + = Zz|r | U ({r;}, {ra})
B y#8 108 /
=T ({r;}; {r.}) —ZQ—V + & ({ra}) + 5 ZZ| | ® ({ra})
mg B y78 T8~

% [m@ ({ra}) - Vo ({r}: fra}) + @ ({r}) V20 ({r.}: {ra )] (2:20)

The energy & ({rn}) is called the adiabatic contribution of the electrons to the energy
of the system. The remaining non-adiabatic terms contribute very little to the energy,
which can be demonstrated using time-independent perturbation theory [8]. The first
order correction arising from the first non-adiabatic term in the last line of equation 2.20

is of the form:

-/ [Ty Tl es¥” ()i () 0" ({ra D) - [v @ ({ra}) - Vo0 ({ri}; {ra})

= =% [Tdns® ({x)) V52 ({ra})- [ [ TL 0 () (e V0 () {ra}>}

(2.21)

and the term in square brackets can be rewritten

[T anw ({riks {xa}) Vo0 (e {rad) = 4, [ T]des |9 ({rh; (o))

= 1v,(1) =0, (2.22)

since the normalisation of the electronic wave-function does not change when the nuclei
move, so that the first order contribution vanishes. The second-order shift due to this term
does not vanish and gives rise to transitions between electronic states as the ions move,
otherwise known as the electron-phonon interaction, which will modify the energy.

The second non-adiabatic term in the final term of equation 2.20 will be largest when the
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electrons labelled i are tightly bound to the nuclei labelled « in which case ¥ ({r;}; {r,}) =

v ({u(i,a)}) where u(; .y = r; — r, and the first order correction from this term is

= Tar, T e ({ueo)) & () 5 —[® ({xa}) 20 ({ua))]

v

[/ H)dujﬁ e ({uza }) VZ‘I’ ({uza }>
= —(kzﬁ / (l}) dugj 5 " ({ug0)}) §V?k,7)‘1’ ({ugm}) (2.23)

= [/Hdrﬂ@ {ra}

2m7

and this quantity is of the order of the electronic kinetic energy multiplied by the ratio of
the electron and nuclear masses, typically a factor of the order of 10~* or 107°, so that the
contributions from this term to all orders can be neglected.

We therefore neglect the non-adiabatic terms and note that equation 2.20 is satisfied if

® ({r,}) obeys a Schrodinger equation of the form

Z v,8+8 ({ra}) + 5 ZZ

3 3 2B |r _r7|

@ ({ro}) = E@ ({ra}). (2.24)

This adiabatic principle is crucial because it allows us to separate the nuclear and
electronic motion, leaving a residual electron-phonon interaction. From this point on it
is assumed that the electrons respond instantaneously to the nuclear motion and always
occupy the ground-state of that nuclear configuration. Varying the nuclear positions maps
out a multi-dimensional ground-state potential energy surface, and the motion of the nuclei
in this potential can then be solved. In practice Newtonian mechanics generally suffices for
this part of the problem’, and relaxation of the nuclear positions to the minimum-energy
configuration or molecular dynamics [11,12] can be performed. These aspects go beyond
the scope of this dissertation so that from now on it is assumed that a system with a fixed
nuclear configuration is to be treated, so that the electronic energy &, is a constant and the
electronic wave-function W ({r;}) obeys the Schrodinger equation 2.19. The dependence of

the electronic wave-function on the nuclear positions {r,} is now suppressed.

"The most notable exception to this rule is the motion of hydrogen, which is often treated using the
path-integral formulation of quantum mechanics [9,10].
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2.3 Identical particles

2.3.1 Symmetries

It is a consequence of quantum mechanics, usually expressed in the terms of the Heisen-
berg uncertainty principle that, in contrast to Newtonian mechanics, the trajectory of a
particle is undefined. When dealing with identical particles this leads to complications, as

illustrated in figure 2.1.

’ T
o o o o O O

Figure 2.1: Indistinguishable particles in quantum mechanics: (left) initially there are
two particles at A and B, later on two particles are found at C and D; (middle) but we
cannot be certain whether the particles travelled from A to D and B to C or (right) from
A to C and B to D, because they are identical.

Consider a system of two identical particles represented by the wave-function ¥(ry,rs)

and a particle-exchange operator Py which swaps the particles i.e.
plg\p(rl, 1'2) = ‘I’(I’Q, I'l). (225)

However, since the system must be unchanged by such an exchange of identical particles,
the two states appearing in equation 2.25 must be the same and hence differ only by a

multiplicative complex constant;
U(ry, 1) = cV¥(ry,ry), (2.26)

so that many-body wave-functions of identical particles must be eigenstates of the particle
interchange operator. Performing the exchange twice clearly returns the system precisely

to its original state and so leads to

p122\11(1'1, 1‘2) = 62\11(1‘1, 1'2) = \If(rl, 1‘2) (227)
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i.e. ¢ =150 c= %1, and the many-body wave-function at most changes sign under particle
exchange. This result is readily extended to systems of more than two identical particles,
so that the wave-functions are either symmetric or antisymmetric under exchange of any

two identical particles.

2.3.2 Spin and statistics

It is necessary to go to the full relativistic theory of quantum mechanics in order to ascertain
which sign is appropriate to a system of particles, although the result itself is simple
enough to express®. A result of the relativistic theory is that particles may possess intrinsic
angular momentum known as spin, which is quantised in units of % A brief outline of the
relationship between spin and statistics follows.

We use the method of second quantisation of fields of particles with spin (see [14]). For
a system of free non-interacting particles, the single-particle states are characterised by
linear momentum p and spin ¢. We denote the occupation numbers of these states Ny,
but for now we will only consider situations in which every single-particle state is either
empty or singly occupied, and in addition will consider a system of at most two particles
and focus on just two single-particle states. The state-vector is represented by a series of
“slots”, whose order is important at this stage, each containing an occupation number.
Thus |1,,, 1psr) denotes a state in which a particle was put in state (p’c’) and then a
second particle was added in state (po).

Annihilation and creation operators® dp,, al are introduced for each state which act

po
in the following manner:

dPU|1pa> = |0>7 (2.28)
QL 0) = [1pn). (2.29)

In order that the sign of the state is unambiguously defined in this notation, it is neces-
sary for consistency that creation operators act on the right-most void and annihilation
operators act on the left-most appropriately-filled slot.

We now consider the state |1,,,1y,) and use the exchange operator &L,g,&fog&pg&p/g,
to obtain the state |1y, 1,,), in which particles have been exchanged between state (po)

and (p'o’):

NN N _at ot
(o1 Uy Upopa | Lpgs Lpigr) = Gprgr@l,lpe|1ps, 0) = agy,al,10,0)

8Berry [13] has recently proposed a non-relativistic explanation involving a geometric phase.
9Neither the creation nor annihilation operators are Hermitian, and so they do not correspond to
physical observables.
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= |0 1pff> = |1pffv p0>- (2-30)

The initial discussion in this section showed that under this exchange, the wave-function
at most changes sign. This requires that the creation and annihilation operators obey one
of two sets of commutation rules, as we will now show. The first set is due to Bose and

can be summarised by:

(65 tipror] = Oppr B, (2.31)
[&paadp’a’] = 07 (232)
where [p,q] = pq— qp. (2.33)

Under the Bose commutation rules, the two creation operators in the exchange operator,

which refer to different states, commute and so can be swapped, and the result is that

il 0@ Gprtipror | Lps Lpor) = [Lpror, 1)

= aLaaL o Upollpt o |1pfn 1p’rf’> = |]-po'7 1p’a’> (2.34)

i.e. states describing particles whose creation and annihilation operators obey the Bose
commutation rules (bosons) must have symmetric wave-functions.

The second set of commutation rules, which is due to Fermi, describes fermions:

{iber e} = Opproor, (2.35)
{&paadp’a’} = 07 (236)
where {p,q} = pq+ap, (2.37)

and gives rise to antisymmetric wave-functions:

~

a ’a’&Tpo—dpa&p’U’prﬂ1p’U’> - |1p‘7’ Pf’>

= —al,al) ipotp o Lpos Lpro) = —|lpes Lyror). (2.38)
In particular, note that the Fermi rules (equation 2.36 for (po) = (p’c’)) require that

(ipolips = 05, =0 (2.39)
i.e. it is impossible to put more than one fermion in any single-particle state. This result is
known as the Pauli exclusion principle and it is ultimately responsible for the stability of
matter. In an atom, for instance, the Pauli exclusion principle prevents all of the electrons

from falling into the lowest-lying energy level.
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Thus all systems of identical particles must subscribe to one of the sets of rules above:
bosons have symmetric wave-functions and fermions antisymmetric wave-functions.

The second result of the relativistic theory which needs to be considered is the existence
of antiparticles, which have the same mass but opposite charge to their corresponding par-
ticles. The antiparticles are assigned their own set of creation and annihilation operators,
denoted l;TpU and Epa respectively, which obey the same commutation rules as the particle
operators.

The creation and annihilation operators can be combined to form a Hermitian product,
the number operator, Npa = dLgdpa, so-called because its action is simply to return the
number of particles in state (po). For antiparticles, N, = BLUBPU.

Using the method of second quantisation, the Hamiltonian can be written as (see [15]):
H =33 e(p) (ahopr £ bpobh, ) (2.40)
p o

where the £(p) = v/p? + m? are the energies of the single-particle states, and the plus sign
occurs for particles of integral spin and the minus sign for particles with half-integral spin.
We note that the particle creation and annihilation operators occur in the correct order to
be rewritten as the particle number operator, whereas the antiparticle operators are in the
wrong order, so we can use the appropriate set of commutation rules to reverse this order.
The Hamiltonian for free particles must be positive-definite, and therefore turns out to be

of the form
H=33c() (Moo + Npo+1) . (2.41)
p o

The constant 3,3, (p) in equation 2.41 represents the energy of the vacuum and is
usually ignored. In order to obtain the Hamiltonian in this form, particles with half-
integral spin (minus sign in 2.40) must have creation and annihilation operators which
anticommute according to the Fermi rules, whereas particles with integral spin (plus sign
in 2.40) must have operators which commute according to the Bose rules.

We thus come to the following conclusions:
e particles with half-integral spin are fermions and have antisymmetric wave-functions,
e particles with integral spin are bosons and have symmetric wave-functions.

In particular, electrons (which have spin %) are fermions with antisymmetric wave-functions
and obey the Pauli exclusion principle. These consequences of relativistic quantum me-
chanics must be carried over by hand into the non-relativistic theory if we are to correctly

describe nature.
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In this dissertation we will not address the issues which arise in spin-polarised systems,
in which the numbers of electrons in different spin states differ. In our case, it is only
necessary to ensure that the many-body electronic wave-function is antisymmetric under
exchange and that each single-particle state is never more than doubly-occupied (with one

spin “up” electron and one spin “down”).

2.4 Variational principles

In section 2.1 we outlined the basic principles of quantum mechanics, and in particular
noted the role of the quantity (¥|O|®¥) as the expectation value of the observable corre-

sponding to the operator O. In that section, mention was briefly made of the relationship:
(U|w) = Z| Xn | ¥)[* (2.42)

which is simply derived from equations 2.5, 2.6 and 2.8. If we relax the restriction on

orthonormalisation, the expression for the expectation value becomes

(¥|0]¥)

0= Ty

(2.43)
We now consider the expectation value of the Hamiltonian operator for the electrons,

defined in equation 2.19 and reproduced here:

= E|T) (2.44)

AW = |5 E V- Y Ty
i~ Tal e
in which the electronic energy is now labelled E, and the dependence on the nuclear
coordinates is suppressed since the nuclei are assumed to be static following the conclusions
of section 2.2. This equation is an eigenvalue equation for a linear Hermitian operator, and
as such can always be recast in the form of finding the stationary points of a functional
subject to a constraint.
Consider the expectation value of the Hamiltonian (E) = E[U] which is a functional of
the wave-function, and make a small variation to the state-vector: |¥) — |U) + [0¥). The

change in E[¥] is given by

SE[U] = E[U+6V] - E[T]
(U + 6U|H|T +6T)  (U|H|T)
(U 4 00|0 +6T)  (U]D)
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_ (OUIH|) + (VIH|5T)  (V|H|V) >
- o T (0] W) + (¥[ow)) + O (597)
1

= g L0V (HI9) - BLeI)) + {6 (B1v) - Blo)w)}]  (2.45)

neglecting changes which are second-order or higher in ¥ in the last line. Thus the
quantity E[¥] is stationary (§E[¥] = 0) when |¥) is an eigenstate of H and the eigenvalue
is E[¥],

H|U) = E[U]|0) (2.46)

and this equation is the time-independent Schrodinger equation. The eigenvalues of H
can therefore be found by finding the stationary values of E[¥] i.e. finding the stationary
values of (U|H|W¥) subject to the constraint that (¥|¥) is constant. In this procedure, the
eigenvalue E plays the role of a Lagrange multiplier used to impose the constraint.

In this dissertation we will only be interested in finding the electronic ground-state |¥y)
which is the eigenstate of the Hamiltonian with the lowest eigenvalue Ey. Suppose that we
have a state close to the ground-state, but with some small error. Since the eigenstates of
the Hamiltonian form a complete set, the error can be expanded as a linear combination

of the excited eigenstates. The whole state can thus be written as

W) = [Wo) + D ol W) (2.47)
n=1
where
H|W,) = E,|0,). (2.48)

We now calculate the value of E[U]:

(|H|Y)

B = T

(T + 5, U |H[ Wy + 32, ¢, F,,)
<\IJO + Z"C‘)LOZI Cn\Ijn|\IjO + Ziozl Cn\Ijn>

<\IIO + 2?21 Cn\Ijn|EO\IIO + 2?21 CnEn\Ijn>
<\IJO + Z;ozl Cn\Ijn|\IIO + 2?21 Cn\Ijn>

Eo+ 302 |Cn|2 E,
L+ 30 |Cn|2

= Byt Y Jeal (B~ ) + 0 (jeal!). (2.49)

n=1
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By definition, E,, > Ej for n > 1, so that we note two points:
e E[U] > Ey, with equality only when |¥) = |¥g) (i.e. ¢, =0 for n > 1),

e the error in the estimate of Fj is second-order in the error in the wave-function (i.e.

Cn)-

The importance of such a variational principle is now clear. To calculate the ground-
state energy Fy, we can minimise the functional E[¥] with respect to all states |¥) which
are antisymmetric under exchange of particles. The value of this functional gives an upper
bound to the value of Ej, and even a relatively poor estimate of the ground-state wave-
function gives a relatively good estimate of Ej,. Eigenstates corresponding to excited states
of the Hamiltonian can be found by minimising the functional with respect to states which
are constructed to be orthogonal to all lower-lying states (which is usually achieved by
considering the symmetries of the states) but in this work we will only ever be interested

in the ground-state, and so there are no restrictions on the states other than antisymmetry.



Chapter 3

Quantum Mechanics of the Electron
Gas

In chapter 2, we showed that the quantum mechanics of the electrons and nuclei which
make up real systems can be simplified using the Born-Oppenheimer approximation to
separate the motion of the nuclei and electrons. It is therefore possible to treat the nuclei
as stationary and reduce the problem to that of a gas of interacting electrons moving in a
static external potential due to the nuclei. We also showed that the many-electron wave-
function must be antisymmetric under exchange of particles, and outlined the powerful
variational method for finding the energy eigenvalues of the Hamiltonian.

In this chapter, we will first show how the problem of finding the ground-state en-
ergy can be simplified considerably by the use of density-functional theory, in which the
electronic density, rather than the many-electron wave-function, plays the central role.
Furthermore, it is possible to make a mapping from the system of interacting electrons to
a fictitious system of non-interacting particles which has the same ground-state density.
Thus the difficult interacting problem can be transformed into a simpler non-interacting
problem. We will outline the local density approximation for the effects of exchange and
correlation, which allows the theorems of density-functional theory to be applied, and gives
surprisingly good results.

Exploiting these results, we will then describe the treatment of periodic systems, and
conclude the chapter with a discussion of the pseudopotential approximation which elimi-

nates the core electrons and strong nuclear Coulomb potential from the problem.

19
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3.1 Density-functional theory

In this section we will describe the remarkable theorems of density-functional theory (DFT)
which allow us to find ground-state properties of a system without dealing directly with
the many-electron state |¥). We deal with a system of N electrons moving in a static

potential, and adopt a conventional normalisation in which (¥|¥) = N.

3.1.1 The Hohenberg-Kohn theorems

As a result of the Born-Oppenheimer approximation, the Coulomb potential arising from

the nuclei is treated as a static external potential Ve (r):

Vex 3.1
i Z lr — ra| (3:1)
We define the remainder of the electronic Hamiltonian given in (2.19) as F"
- 1
Folyvilysy Lo 82
2 < |r2 — 1|
i 1 jFi J
such that H = F + Vm where
‘A/ext - Z ‘/;Xt (rz) (33)

F'is the same for all N-electron systems, so that the Hamiltonian, and hence the ground-
state |W¥o), are completely determined by N and Vi (r). The ground-state |¥g) for this

Hamiltonian gives rise to a ground-state electronic density ng(r)

no(r) = (Wo|A|Wy) /1‘[ dr; [W (r,t0,15. .. tx) 2. (3.4)
1=2
Thus the ground-state |¥o) and density ng(r) are both functionals of the number of elec-
trons N and the external potential Vi (r). Density-functional theory, introduced in 1964
by Hohenberg and Kohn [16], makes two remarkable statements.

e The external potential Vi (r) is uniquely determined by the corresponding ground-

state electronic density, to within an additive constant.

Proof by reductio ad absurdum: assume that a second different external potential

Vi (r) with ground-state |¥() gives rise to the same density ng(r). The ground-

state energies are Ey = (Uo|H|U,) and E}, = (U)|H'|¥,) where H = F + Vi and
H =F+V,

7 .. Taking |¥}) as a trial wave-function for the Hamiltonian H, we obtain
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the strict inequality

By < (Wo|H|WG) = (Wh|H'| V) + (Wy| (H - H') [¥)

= By [ drng(r) Ve (1) = Vi (0)], (3.5)
whereas taking |W,) as a trial wave-function for H' gives

Ejy < (WolH'|Wo) = (Wo|H[Wo) + (Wo| (H' — H) | o)

= By~ [ dr no(r) Ve (r) = Vi (1) (3.6)
and adding these two equations together results in the contradiction
E0+E6 <E0+E6.

Thus, at least in principle, the ground-state density determines (to within a constant)
the external potential of the Schrodinger equation of which it is a solution. The
external potential and number of electrons N = / dr ng(r) determine all the ground-
state properties of the system since the Hamiltonian and ground-state wave-function

are determined by them.

So for all densities n(r) which are ground-state densities for some external potential
(v-representable) the functional F[n] = (¥|F|¥) is unique and well-defined, since
n(r) determines the external potential and N (and therefore F) and thence |¥).
Now a functional for an arbitrary external potential V(r) unrelated to the Vi (r)

determined by n(r) can be defined:

Ev[n] = Fln] + / dr V(r)n(r). (3.7)

e For all v-representable densities n(r), Ey[n] > E, where Ej is now the ground-state

energy for N electrons in the external potential V(r).

Proof of this energy variational principle: by the first theorem, a given n(r) deter-
mines its own external potential Vi (r) and ground-state |¥). If this state is used as

a trial state for the Hamiltonian with external potential V' (r), we have
(UH W) = (U|F|T) + (U[V|P) = Fn] + /dr V(r)n(r) = Evin] > By (3.8)

by the variational principle. For non-degenerate ground-states, equality only holds if
|¥) is the ground-state for potential V'(r).
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Thus the problem of solving the Schrodinger equation for non-degenerate ground-states can
be recast into a variational problem of minimising the functional Fy[n] with respect to v-
representable densities. It should be noted that simple counter-examples of v-representable
densities have been found [17-19], but this restriction and the non-degeneracy requirement

are overcome by the constrained search formulation.

3.1.2 The constrained search formulation

Following Levy [20,21] we define a functional of the density n(r) for the operator F (defined
above) as:
F[n] = min (U|F|¥) (3.9)

|7)—n
i.e. the functional takes the minimum value of the expectation value with respect to all
states |W) which give the density n(r). For a system with external potential V' (r) and
ground-state |¥,) with energy FEy, consider a state |Up,)), an N-electron state which yields

density n(r) and minimises F[n]. Define Ey[n] as:
Bvln] = Fln] + [ dr n(@)V(x) = (@] (F + V)| (3.10)
but since H = F' + V, by the variational principle we obtain

with equality only if |Wp,)) = |¥y). This holds for all densities which can be obtained from
an N-electron wave-function (N-representable). But from the definition of F[n] (3.9) we

must also have

Flno] < (| F| W) (3.12)

since |Wy) must be one of states which yields ng(r). Adding /dr no(r)V (r) gives
Ey[ng] < Ey (3.13)

which when combined with (3.11) gives the desired result that Ey[n] > Ey[ng] = Ej.
Thus the ground-state density ng(r) minimises the functional Ey[n| and the mini-
mum value is the ground-state electronic energy. Note that the requirement for non-
degeneracy of the ground-state has disappeared, and further that instead of considering
only v-representable densities, we can now consider N-representable densities. The require-

ments of N-representability are much weaker and satisfied by any well-behaved density,
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indeed the only condition [22] is proper differentiability i.e. that the quantity

/dr ‘Vn%(r)‘2

is real and finite.

3.1.3 Exchange and correlation

The remarkable results of density-functional theory are the existence of the universal func-
tional F'[n], which is independent of the external potential, and that instead of dealing with
a function of 3N variables (the many-electron wave-function) we can instead deal with a
function of only three variables (the density). The complexity of the problem has thus been
much reduced, and we note here that this complexity now scales linearly with system-size
N, so that quantum-mechanical calculations based on density-functional theory can in
principle be performed with an effort which scales linearly with system-size.

The exact form of the universal functional F[n] is unknown. The Thomas-Fermi func-
tional [23-25]

: /

Fre[n] = % (3#2)§ /dr nk(r) + % /dr dr’ % (3.14)
can, with hindsight, be viewed as a tentative approximation to this universal functional, but
fails to provide even qualitatively correct predictions for systems other than isolated atoms
[26,27] although recent, more accurate developments [28-32] have led to the implementation
of linear-scaling orbital-free methods for nearly-free electron metals.

The failure to find accurate expressions for the density-functional is a result of the
complexity of the many-body problem which is at the heart of the definition of the universal
functional. For the electron gas, a system of many interacting particles, the effects of
exchange and correlation are crucial to an accurate description of its behaviour. In a non-
interacting system, the antisymmetry of the wave-function requires that particles with the
same spin occupy distinct orthogonal orbitals, and this results in the particles becoming
spatially separated. In an interacting system such as the electron gas in which all the
particles repel each other, exchange will thus lead to a lowering of the energy. Moreover,
the interactions cause the motion of the particles to become correlated to further reduce
the energy of interaction. Thus it is impossible to treat the electrons as independent
particles. These effects are completely neglected by the Thomas-Fermi model, and must
in part account for its failure, the other source of error being the local approximation for

the kinetic energy.
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3.1.4 The Kohn-Sham equations

In order to take advantage of the power of DFT without sacrificing accuracy (i.e. including
exchange and correlation effects) we follow the method of Kohn and Sham [33] to map the
problem of the system of interacting electrons onto a fictitious system of non-interacting
“electrons”. We write the variational problem for the Hohenberg-Kohn density-functional,

introducing a Lagrange multiplier i to constrain the number of electrons to be N:

5 [F[n] + [ dr Vi (x)n(r) - ( [ drntr) - N)} — 0. (3.15)

Kohn and Sham separated F[n] into three parts

—r

Fn] = Ti[n] + % /dr dr’ % + Eyc[n] (3.16)

in which Ty[n] is defined as the kinetic energy of a non-interacting gas with density n(r) (not
the same as that of the interacting system, although we might hope that the two quantities
were of the same order of magnitude), the second term is the classical electrostatic (Hartree)
energy and the final term is an implicit definition of the exchange-correlation energy which
contains the non-classical electrostatic interaction energy and the difference between the
kinetic energies of the interacting and non-interacting systems. The aim of this separation
is that the first two terms can be dealt with simply, and the last term, which contains
the effects of the complex behaviour, is a small fraction of the total energy and can be
approximated surprisingly well.

Using this separation, equation 3.15 can be rewritten:

dT[n]
dn(r)

+ Vis(r) = (3.17)
in which the Kohn-Sham potential Viks(r) is given by
,_n(r')
Vis(r) = / e’ + Vaelt) + Ve (1) (3.18)

and the exchange-correlation potential Vi (r) is

d FExe[n]
on(r)

Vie(r) = : (3.19)
The crucial point to note here is that equation 3.17 is precisely the same equation which
would be obtained for a non-interacting system of particles moving in an external potential

Vks(r). To find the ground-state density ny(r) for this non-interacting system we simply
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solve the one-electron Schrodinger equations;

[_%VQ + VKS(T)} ¥i(r) = :9i(r) (3.20)
for %N single-particle states! |¢;) with energies £;, constructing the density from

N/2

r) =2 Z |4 (x) (3.21)

(the factor 2 is for spin degeneracy — we assume the orbitals are singly-occupied) and the

non-interacting kinetic energy Ti[n] from

N/2

-3 [ e g1 V2i(r). (3.22)

Since the Kohn-Sham potential Vikg(r) depends upon the density n(r) it is necessary to
solve these equations self-consistently i.e. having made a guess for the form of the density,
the Schrodinger equation is solved to obtain a set of orbitals {¢;(r)} from which a new
density is constructed, and the process repeated until the input and output densities are
the same. In practice there is no problem converging to the ground-state minimum because
of the convex nature of the density-functional [34].

The energy of the non-interacting system, the sum of one-electron eigenvalues, is

N/2

2;@ - Ts[n]+/dr n(r) Vies (r)
= Ti[n] +/dr dr’ /dr n(r) Vie( /dr n(r)Vext (r) (3.23)

which, compared to the interacting system, double-counts the Hartree energy and over-

counts the exchange-correlation energy so that the interacting energy is

N/2

E=2%¢— /drd’ /drn Wie(r) + Exe[n]. (3.24)

Direct solution of the Schrodinger equation for the extended non-interacting orbitals
{1;(r)} requires a computational effort which scales as the cube of the system-size N, due
to the cost of diagonalising the Hamiltonian or orthogonalising the orbitals, whereas the
original complexity of finding a minimum of the Hohenberg-Kohn functional only required

an effort which scaled linearly with N. Thus a linear-scaling method must modify this

'Our restriction to non-spin-polarised systems requires that N be even.
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Kohn-Sham scheme.

3.1.5 The local density approximation

The results so far are exact, provided that the functional form of F\.[n] is known. The prob-
lem of determining the functional form of the universal Hohenberg-Kohn density functional
has now been transferred to this one term, and therefore this term is not known exactly.
Remarkably, it is possible to make simple approximations for the exchange-correlation en-
ergy which work extremely well, and the simplest of these, which is the approximation
adopted in this work, is the local density approzimation (LDA).

In the LDA, the contribution to the exchange-correlation energy from each infinitesimal
volume in space, dr, is taken to be the value it would have if the whole of space were filled

with a homogeneous electron gas with the same density as is found in dr i.e.
Eeln] = / dr exe (n(r)) n(r) (3.25)

where €, (n(r)) is the exchange-correlation energy per electron in a homogeneous electron

gas of density n(r). The exchange-correlation potential Vi.(r) then takes the form

_ 0Ey[n]

V;cc(r) - 6n(r) dexc (n)

dn

= €xc (n(r)) + n(r) (3.26)

n=n(r)

The exchange-correlation energy for the homogeneous electron gas has been calculated
by Ceperley and Alder [35] using Monte Carlo methods and in this work we use a param-
eterisation by Perdew and Zunger [36]. The LDA is exact in the limit of slowly-varying
densities, however, the density in systems of interest is generally rapidly varying, and the
LDA would appear to be a crude approximation in these cases. Its use is justified a posteri-
ori by its surprising success at predicting physical properties in real systems. This success
may be due in part to the fact that the sum rule for the exchange-correlation hole, which
must be obeyed by the real functional, is reproduced by the LDA [37]. We can connect the
interacting and non-interacting systems using a variable coupling constant A which varies

between 0 and 1. We replace the Coulomb interaction by

A
v — |

and vary A in the presence of an external potential V) (r) so that the ground-state density
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for all values of A is the same [38]. The Hamiltonian is therefore

+ Vit + Vi (3.27)

HAZ—%;V? ST

A E) |rZ - r3|

The exchange-correlation hole ny(r,r’) is then defined in terms of a coupling-constant
integration of the pair correlation function g(r,r’; \) of the system with density n(r) and
scaled Coulomb interaction [39,40];

(1) = () | Aol ) —1]. (3.2)

The exchange-correlation energy can then be expressed in the form of a classical electro-

static interaction between the density n(r) and the hole density ny.(r,r’);

/dr qr' P (0 7). (3.29)

v —r/|

The sum rule follows from the definition of the pair correlation function [41]
/dr' Nxe(r, ') = =1, (3.30)

which is interpreted by saying that the exchange-correlation hole excludes one electron as
expected. It can also be shown that the exchange-correlation energy depends only weakly
on the detailed shape of the exchange-correlation hole [42], and these two facts account,
at least in part, for the success of the LDA. This view is supported by the fact that
improvements to the LDA involving gradient expansions show no consistent improvement
unless they enforce the sum rule obeyed by the LDA [43,44].

3.2 Periodic systems

Exploiting the results of the previous section, we can now consider the motion of non-
interacting particles in a static potential, which is described by the time-independent
Schrodinger equation 3.20. In the study of bulk crystals, the system is infinite but pe-
riodic, and so it is necessary to be able to reduce this problem to the study of a finite
system. This approach turns out to have several advantages so that it is often easiest to
study even aperiodic systems by imposing some false periodicity. The system is contained
within a supercell which is then replicated periodically throughout space (see figure 3.1).
The supercell must be large enough so that the systems contained within each one, which

in reality are isolated, do not interact significantly.



28 Linear-scaling methods in ab initio quantum-mechanical calculations

Figure 3.1: Using the supercell approximation, an isolated molecule can be studied
using the same techniques which are usually applied to crystals.

3.2.1 Bloch’s theorem

See [45] for a fuller discussion of the proof outlined here. We consider non-interacting
particles moving in a static potential V' (r), which may be the Kohn-Sham effective potential
Viks(r) (3.18). In a perfect crystal, the nuclei are arranged in a regular periodic array
described by a set of Bravais lattice vectors {R}. The system, being infinite, is invariant
under translation by any of these lattice vectors, and in particular the potential is also

periodic i.e.
V(ir+R)="V(r) (3.31)

for all Bravais lattice vectors R.
The Schrédinger equation which describes the motion of a single particle in this poten-
tial is
HIp) = [-4V? + V(1)] [¢) = e[¢) (3.32)
and we define translation operators Tx for each lattice vector R which act in the following

manner on any function of position f(r):
Taf(r) = f(r+ R). (3.33)

Since the potential and hence the Hamiltonian are periodic i.e. H(r+R) = H(r), these
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operators commute with the translation operators:

~ A~

ToH(r)y(r) = H(r + R)y(r + R) = H(r)i(r + R) = H(r)Try(r) (3.34)

ie. {I:I, TR] = 0, and the translation operators commute with each other i.e. TrTr =
Tr'Tr = Triw-

There must, therefore, exist a good quantum number corresponding to each lattice
vector R, and it must also be possible to choose the eigenstates of the Hamiltonian to be

simultaneous eigenstates of all the translation operators;

H|p) = e[¢h), (3.35)
Tr|v) = c(R)|¢)). (3.36)

From the commutation relations of the translation vectors it follows that the eigenvalues

must satisfy
c((R+R')=c(R)c(R). (3.37)

We can define the eigenvalues for the three primitive lattice vectors {a;} in terms of three
complex numbers {z;} by
c(a;) = exp(27iz;). (3.38)

Since all lattice vectors can be expressed in the form R = nja; + nsas + nsaz, where the

n; are integers, it follows from equation 3.37 that

c(R) = c(a1)" c(az)" c(a3)"™ (3.39)

which is equivalent to
c¢(R) = exp(ik-R), (3.40)
k = x181 + 2282 + 383, (3.41)

where the {g;} are the reciprocal lattice vectors satisfying g, - a; = 27¢;;, and the {z;} are
complex numbers in general.

Thus we have shown that

Trip(r) = ¢(r + R) = ¢(R)¢(r) = exp(ik - R)¢(r) (3.42)
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which is one statement of Bloch’s theorem. Consider the function u(r) = exp(—ik - r)y(r).
u(r+R) = exp(—ik - [r + R])(r + R) = exp(—ik - r)y)(r) = u(r) (3.43)

i.e. the function u(r) also has the periodicity of the lattice, and so the wave-function (r)

can also be expressed as
(r) = exp(ik - r)u(r), (3.44)

where u(r) is a strictly cell-periodic function i.e. u(r + R) = u(r).

We thus label the eigenstates of the Hamiltonian and the translation operators |i,x)
where n is the good quantum number labelling different eigenstates of the Hamiltonian
with the same good quantum vector k, related to the translational symmetry.

At this point we note that a periodic function can always be expressed as a Fourier

series i.e.

u(r) = % g exp(iG - r) (3.45)

where G is reciprocal lattice vector G = m;g; + msgs + m3gs and the m; are integers.

Thus the state |1),x) can be expressed as a linear combination of plane-waves:

Unk(r) = exp(ik - r)uyk(r) (3.46)
= %: cnk(G) expli(k + G) - r]. (3.47)

Instead of having to solve for a wave-function over all of (infinite) space, the problem
now becomes one of solving for wave-functions only within a single (super)cell, albeit with
an infinite number of possible values for k. In order to simplify the problem to manageable
proportions, it is necessary to impose some boundary conditions on the wave-function,

which restrict the allowed values of k.

3.2.2 Brillouin zone sampling

We choose to model the infinite periodic system by a large number of primitive cells Neens =
NNy N3 stacked together, with N; cells along the a; direction, and we apply periodic or
generalised Born-von Karman boundary conditions to the wave-functions, which can be
interpreted by saying that a particle which leaves one surface of the crystal simultaneously
enters the crystal at the opposite surface. In fact it can be shown [46] that the choice of

boundary conditions does not affect the bulk properties of the system. This condition is
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expressed mathematically as
P(r + N;a;) = ¥(r), i=1,2,3. (3.48)
Applying Bloch’s theorem (3.42) gives
(r + N;a;) = exp(iNV;k - a;)(r) (3.49)
so that the values of k are restricted such that
exp(iN;k - a;) = exp(27iN;z;) = 1, i=1,2,3 (3.50)
using equation 3.41. Therefore the values of the {z;} are required to be real and equal to
1=1,2,3, (3.51)

where the {l;} are integers, so that the general allowed form for the Bloch wave-vectors k
is

3
L
=1 NZ

Taking the limit to the true infinite perfect crystal (IV; — oo) we see that there is still
an infinite number of allowed k-vectors, but that they are now members of a countably
infinite set. Furthermore, we see that k-vectors which differ only by a reciprocal lattice
vector are in fact equivalent. Consider two such wave-vectors related by k' = k + G, then

the corresponding Bloch states are also related by

Y (r) = exp(ik’ - r)upw(r) = exp(ik - r) [unw (r) exp(iG - r)]
= exp(ik - r)i(r) = Yx(r). (3.53)

Since the expression in square brackets on the first line is a cell-periodic function the
whole expression is a valid Bloch wave-function with wave-vector k. Thus we can restrict
our attention to those k-vectors which lie within the first Brillouin zone, that volume of
reciprocal-space enclosing the origin which is bounded by the planes which perpendicularly
bisect lines from the origin to surrounding lattice points.

The situation now is that for each allowed k-vector within the first Brillouin zone we
must calculate the occupied Hamiltonian eigenstates in order to construct the density.
However, the wave-functions and other properties such as Hamiltonian eigenvalues vary

smoothly over the Brillouin zone [47] so that in practice only a finite set of points need to
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be chosen, and methods for making efficient choices have been developed [48-53]. From
the calculation of the wave-functions at a certain set of k-points, k - p perturbation theory
[54,55] can be used to approximate the wave-functions at other nearby k-points.

In this work, we are interested in the behaviour of very large systems. The volume of

the Brillouin zone Qgyz is related to the volume of the supercell (e by

(2m)°

QBZ = 0O
cell

(3.54)

so that for large systems, the Brillouin zone volume is very small and only a few k-points
need to be considered to describe the variation across the Brillouin zone accurately. In this
work we therefore only calculate the wave-functions at the centre of the Brillouin zone,
k = 0, known as the I'-point. This has the added advantage that at this k-point the
wave-functions can be chosen to be real (recall that there is always an arbitrary global

phase factor) without loss of generality.

3.3 The pseudopotential approximation

In this section we outline a further approximation which is based upon the observation
that the core electrons are relatively unaffected by the chemical environment of an atom.
Thus we assume that their (large) contribution to the total binding energy does not change
when isolated atoms are brought together to form a molecule or crystal. The actual energy
differences of interest are the changes in valence electron energies, and so if the binding
energy of the core electrons can be subtracted out, the valence electron energy change will
be a much larger fraction of the total binding energy, and hence much easier to calculate
accurately. We also note that the strong nuclear Coulomb potential and highly localised
core electron wave-functions are difficult to represent computationally.

Since the atomic wave-functions are eigenstates of the atomic Hamiltonian, they must
all be mutually orthogonal. Since the core states are localised in the vicinity of the nucleus,
the valence states must oscillate rapidly in this core region in order to maintain this orthog-
onality with the core electrons. This rapid oscillation results in a large kinetic energy for
the valence electrons in the core region, which roughly cancels the large potential energy
due to the strong Coulomb potential. Thus the valence electrons are much more weakly
bound than the core electrons.

It is therefore convenient to attempt to replace the strong Coulomb potential and core
electrons by an effective pseudopotential which is much weaker, and replace the valence elec-
tron wave-functions, which oscillate rapidly in the core region, by pseudo-wave-functions,

which vary smoothly in the core region [56,57]. We outline two justifications for this
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approximation below; for further details see [58] and also [59,60] for recent reviews.

Figure 3.2: Schematic diagram of the relationship between all-electron and pseudo-
potentials and wave-functions.

3.3.1 Operator approach

Following the orthogonalised plane-waves approach [61], we consider an atom with Hamil-
tonian H, core states {|x,)} and core energy eigenvalues {E,} and focus on one valence
state [1) with energy eigenvalue E. From these states we attempt to construct a smoother

pseudo-state |p) defined by

core

) = 10) + D anlxn)- (3.55)

The valence state must be orthogonal to all of the core states (which are of course

mutually orthogonal) so that

(Xm|) = 0= (Xm|®) + am (3.56)

which fixes the expansion coefficients {a, }. Thus

core

) = 1oy = 2 Ixn) (Xnl)- (3.57)
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Substituting this expression in the Schrédinger equation H|¢) = E|¢) gives

core

IA{|‘P> - Z En|Xn><Xn|30> = E|90> - EZ |Xn><Xn|50> (358)

which can be rearranged in the form

core

Hp) + ST (E = Ep)xn) (Xnl®) = E|p) (3.59)

so that the smooth pseudo-state obeys a Schrodinger equation with an extra energy-

dependent non-local potential an;

A~

[H+Vallp) = Elp) (3.60)

Va = Z(E_En)|Xn><Xn| (3.61)

n

The energy of the smooth state described by the pseudo-wave-function is the same as
that of the original valence state. The additional potential V;;, whose effect is localised
in the core, is repulsive and will cancel part of the strong Coulomb potential so that the
resulting sum is a weaker pseudopotential. Of course, once the atom interacts with others,
the energies of the eigenstates will change, but if the core states are reasonably far from the
valence states in energy (i.e. 0F < E — F,) then fixing E in V}; to be the atomic valence
eigenvalue is a reasonable approximation. In fact we would like to make the behaviour of
the pseudopotential follow that of the real potential to first order in £, and this can be

achieved by constructing a norm-conserving pseudopotential (see section 3.3.3).

3.3.2 Scattering approach

For a fuller discussion of the theory of scattering see [62]. Consider a plane-wave with wave-
vector k scattering from some spherically-symmetric potential localised within a radius r.
and centred at the origin. The incoming plane-wave can be decomposed into spherical-

waves by the identity

explik-1) = 47> X 0(kr) VoK) Vi §) (3.62)

{=0m=—/¢

where k denotes a unit vector in the direction of k. These spherical- or partial-waves
are then elastically scattered by the potential which introduces a phase-shift §,, which is

related to the logarithmic derivative of the exact radial solution for given ¢ and energy
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E = %kZ within the core, evaluated on the surface of the core region:

Ly(E) = [i log[ Re(r, E>J] = = j 2 re) tannlhre) — g

dr Ry(re, F) Je(kre) — tan(dp)ne(kre)

r=rc

je and n, denote the spherical Bessel and von Neumann functions respectively, and the
radial wave-function Ry(r, E') is related to the solution of the Schrodinger equation with
angular momentum state determined by the good quantum numbers ¢ and m, and energy

E, within the core region, ¢, (r, F) by
Yo (r, E) = Ry(r, E) Yo, (). (3.64)

The phase-shifted spherical-waves can then be recombined to form the total scattered wave.

We can define a reduced phase-shift n, by
Op = nym + Ne (365)

which has the same effect (the scattering amplitude depends on exp(2id,) so that factors
of 7 in &, have no effect) and fix n, by requiring 7, to lie in the interval 0 < n, < m. The
integer ny counts the number of radial nodes in Ry(r, E'), two in the case of figure 3.2, and
is thus equal to the number of core states with angular momentum /.

The pseudopotential is then defined as the potential whose complete phase-shifts are
the reduced shifts 7, so that the radial pseudo-wave-function has no nodes and thus the
potential has no core states. The scattering effect of this potential is the same as the
original potential. We note again the energy-dependence of the phase-shifts so that for a
good approximation it will be necessary to match these phase-shifts to first order in the
energy so that it is accurate over a reasonable range of energies, a property which results in
good transferability of the pseudopotential i.e. it is accurate in a variety of different chemical
environments. The non-local nature is also exhibited since different angular momentum

states are scattered differently.

3.3.3 Norm conservation

The conditions of a good pseudopotential are that it reproduces the logarithmic derivative
of the wave-function (and thus the phase-shifts) correctly for the isolated atom, and also
that the variation of this quantity with respect to energy is the same to first order for

pseudopotential and full potential?. Having replaced the full potential by a pseudopoten-

2The chemical hardness has been proposed as a quantity which gives a more reliable indication of
pseudopotential transferability since it includes self-consistent effects [63,64].
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tial, we can once again solve the Schrodinger equation in the core region to obtain the
pseudo-wave-function, with radial part R (r, E).

Pseudopotential generation has itself been the subject of a great deal of study in the
past (see [65-73]) and in this work we have chosen to use those pseudopotentials generated
by the method of Troullier and Martins [74]. With one notable exception [75], all of the
recent methods have used norm-conservation to guarantee that the phase-shifts are correct
to first order in the energy (correction to higher orders is also possible [76]).

Consider the following second-order ordinary differential equations which are eigenvalue

equations for the same differential operator but with different eigenvalues:

yi'(7) + @)y (#) + q(@)yi(x) = Aiy(2)
y2" () + p(r)y2 () + q(@)y2(7) = Aaya(2). (3.66)

In the context of homogeneous differential equations, the quantity known as the Wronskian
is defined by

W(z) = yi(x)ys' () — yo(x)yn' () (3.67)

and can be calculated according to
W(x) = Wyexp [—/ d:c'p(:c')] (3.68)

in which the constant Wy is arbitrary and of no consequence.
Following a similar analysis which leads to equation 3.68 for the quantity defined in

equation 3.67 but for the functions which solve equations 3.66 we obtain

W(z) = l()\g —\) /m dz'y, (") yo(2") exp [/x, dx"p(:v")] + WO] exp [— /x d:v'p(x')]
(3.69)

and note that the Wronskian can also be rewritten in terms of logarithmic derivatives:

W(z) =y (w)yQ(x)%{log[yz(ﬂf)] — log[y: ()]} (3.70)

Using equations 3.69 and 3.70 in the case of the Schrodinger equation for the radial wave-

function Ry(r, E'), by making the replacements

((C+1)

r2

r—r o plx)—> = q(a:)—>—2[V(7’)+ ] ;A — —2F,

r
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and using limits r = 0, . we obtain

d " Te
T2R4,1(T)Rg,2(r)5{10{;[]%&2 (r)] — log[Rg,l(r)]}] = —2(Fy — El)/o dr r’ Ry (r)Rya(r).
0
(3.71)
Rearranging, multiplying by —27 and noting that the lower limit on the left-hand side

contributes nothing because of the r? factor:

2 Rl,l (TC)RZ,Z (Tc)
¢ Ey — E;

—271r

d re

— [log[Rea(r)] — loglRea ()], = 4= /0 dr 1Ry, (r)Rea(r).
(3.72)

Finally, taking the limit Ey — Ey so that R,o(r) — Ry (r) and interpreting the left-hand

side as a derivative with respect to energy we obtain the desired result:

o2 R (1) ddE [di log[Re(r )]] — 47 /0 Cdr P R2(r) (3.73)

r=rc

i.e. the first energy-derivative of the logarithmic derivative evaluated at the core radius
(and hence the phase-shift) is related directly to the norm of the radial wave-function

within the core region. Thus if the pseudo-wave-function is norm-conserving such that
477/ dr 2 R2(r) = 47r/ dr r2R2, ,(r) (3.74)

then the phase-shifts of the pseudopotential will be the same as those of the real potential
to first order in energy, and this can be achieved by making the pseudo-wave-function

identical to the original all-electron wave-function outside the core region.

3.3.4 Kleinman-Bylander representation

We have seen that it is necessary to use a non-local pseudopotential to accurately repre-
sent the combined effect of nucleus and core electrons, since different angular momentum
states (partial waves) are scattered differently. In general we can express the non-local

pseudopotential in semi-local form

+> zgj m)oVy(fm) (3.75)

L m=—{

in which [¢m) denotes the spherical harmonic Yy,,. The choice of local potential ‘710(3 is
arbitrary, but in general the sum over £ is truncated at a small value (e.g. £ = 2) so that
the local part is required to represent the potential which acts on higher angular momentum

components.
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This semi-local form suffers from the disadvantage that it is computationally very ex-
pensive to use, since the number of matrix elements which need to be calculated scales as
the square of the number of basis states, and this is generally too costly. In section 5.6.1 we
will describe how this problem can be overcome analytically with a certain set of localised
basis functions, but the most common solution, and one which we have also implemented

for consistency, is to use the Kleinman-Bylander separable form [77]

~ SVidum) (Demd Vi
VKB Vioc + Z | Ed)é ¢£ Z|

(3.76)
Im <¢€m|5W|¢lm>

where |¢,) is an eigenstate of the atomic pseudo-Hamiltonian. This operator acts on this
reference state in an identical manner to the original semi-local operator Vps so that it is
conceptually well-justified, but now the number of projections which need to be performed
scales only linearly with the number of basis states. This separable form can in fact be

viewed as the first term of a complete series [78].



Chapter 4
Density-Matrix Formulation

Density-functional theory together with the pseudopotential approximation has established
itself as the method of choice for performing large-scale ab initio quantum-mechanical cal-
culations. In particular, the fact that the kinetic energy operator is diagonal in momentum-
space, that the Hartree and local pseudopotential contributions are straightforward to cal-
culate in momentum-space, the development of fast Fourier transforms (FFTs) to efficiently
switch between momentum-space and real-space and their natural relation to periodic
boundary conditions (3.47) has led the plane-wave basis set and momentum-space formal-
ism to become the most widely accepted method for performing such calculations [79,80].

Efficient methods to solve the Kohn-Sham equations have been developed [81-83] which
iteratively diagonalise the Hamiltonian. All of these plane-wave methods require a com-
putational effort which scales as the cube of the system-size, and an amount of memory
which scales as the square. Although these methods have made first-principles quantum-
mechanical calculations available as a tool to a wide range of scientists in a variety of
disciplines, this scaling ultimately limits the maximum system-size which can be treated
now and in the near future, despite the rapid development of computer technology. A
method which requires an effort and amount of memory which scales linearly with system-
size would push the boundaries back much further, and so it is to the development of such
a method that we now turn our attention.

There has been a great deal of success in developing linear-scaling tight-binding meth-
ods [84-88], but full density-functional methods have proved far more elusive. The first
approach was the “divide and conquer” method [89-91] in which the large system is parti-
tioned into overlapping subsystems. The original formulation divides the electronic density
between these subsystems, solving for each in turn until self-consistency is reached. More
recently, the density-matrix has been divided instead of the density [92] and these methods
have been applied to large molecular systems [93,94]. The recursion method [95,96] has

39
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been used in a linear-scaling scheme to determine the electronic density by calculating
diagonal elements of the Green’s function [97]. Still other methods focus on the density
of states, which could be used to obtain total energies by integrating up to the chemical
potential [98-101].

As already mentioned, attempts to construct approximations for the density-functional
itself have led to linear-scaling methods for metals [29,31,32]. Electronic structure methods
suitable for metallic systems based upon the multiple scattering method have also been
proposed [102-104].

The Fermi operator expansion method calculates the density-matrix at finite temper-
ature in terms of a Chebychev expansion [105-108] or a rational representation [106,109-
111]. The closely related kernel polynomial method [112,113] expands the zero tempera-
ture Fermi distribution by integrating an expansion of the delta function in which damping
factors are used to suppress Gibbs oscillations.

One method related to the density-matrix schemes discussed next is based on a for-
mulation of Kohn-Sham theory in terms of non-orthogonal localised orbitals [114]. A new
energy functional of these localised orbitals which naturally leads to orthogonal orbitals at
its minimum (which is the same as the ground-state minimum of the conventional func-
tional) is introduced [115-121] and allows a linear-scaling method to be constructed, which
has been used to study extended defects in silicon [122]. For a review of these methods
and an explanation of their relationship to the density-matrix schemes, see [123].

The method most closely related to the approach introduced in this dissertation is
the density-matrix minimisation method. The total energy is minimised with respect to
the density-matrix and the purifying transformation (section 4.4.4) is used to impose the
idempotency constraint [124-129].

In this chapter we introduce the concept of the density-matrix and show how it can be
applied to the system of non-interacting particles in density-functional theory. We then
show how a linear-scaling method results naturally from the short-ranged nature of the
density-matrix in real-space, and discuss the constraints which must be imposed in order

to find the ground-state.

4.1 The density-matrix

In section 2.1 we laid down the fundamental principles of quantum mechanics in terms
of wave-functions and operators. In practice, however, we often do not know the precise
quantum-mechanical state of the system, but have some statistical knowledge about the
probabilities for the system being in one of a set of states (note that these probabilities are

completely distinct from the probabilities which arise when a measurement is made). For
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a fuller discussion of what follows, see [130].
Suppose that there is a set of orthonormal states {|¢;)} for our system, and that the
probabilities that the system is in each of these states are {w;}. The expectation value of

an observable O is

stat sz wz|0|wz> (41)

which is a quantum and statistical average.

We define the density-operator as
p=2_ wilthi)(til (4.2)

and introduce a complete set of basis states {|#;)}, writing the {|¢;)} as linear combina-

tions:

i) =Y 16y). (4.3)

Expressed in terms of this basis, the expectation value becomes
<O>stat - szzc ¢]|Ozck |¢k

- zz[zc w] (5,10160)
- Zzp’w i = Tr(pO) (4.4)

in which the density-matrix py;, the matrix representation of the density-operator in this
basis, is defined by

Zc “wicd) = (6l pl6;)- (4.5)

The fact that the probabilities must sum to unity is expressed by the fact that the trace
of the density-matrix is also unity i.e. Tr(p) = 1. A state of the system which corresponds
to a single state-vector (i.e. when w; = 1 and w; =0 V j # i) is known as a pure state and
for such a state the density-matrix obeys a condition known as idempotency i.e. p?> = p
which is only obeyed by matrices whose eigenvalues are all zero or unity. The more general
state introduced above is known as a mized state and does not obey the idempotency
condition. Other properties of the density-matrix are that it is Hermitian, and that in all

representations the diagonal elements are always real and lie in the interval [0, 1].
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4.2 Partial occupation of the Kohn-Sham orbitals

In the Kohn-Sham scheme, the single-particle orbitals {|i;)} were either empty or doubly
occupied (two spin states). It will prove to be useful if we now generalise to include
partial occupation [131] so that each orbital contains 2f; electrons where 0 < f; < 1. The

electronic density is now defined as
r) =23 fi|vi(r)] (4.6)

Following the constrained search formulation we now define a generalised non-interacting

kinetic energy functional T7[n] as

Lol = min 23 fi [ drgi() (<3V2) i(r) (4.7)

{fit{lvi)}—-n

where the search is over all orthonormal orbitals {|¢;)} and occupation numbers { f;} which
yield the density n(r) (which implies that 23, f; = N).

Janak’s functional is defined as

B AN =2 % fs [ de i) (—392) 6ue) + Euln] + BL[n] + [ ar n(x
Z (4.8)
The minimisation is now performed with respect to both the occupation numbers {f;} and
the orbitals {|v;)}.
For a fixed set of occupation numbers, the Euler-Lagrange equations for the variation

of the functional with respect to the orbitals again yield Schrodinger-like equations:
[—%fz’VQ + fiVKS(r)] Yi(r) = Aighi(r) (4.9)
in which we can identify \; = f;¢; to obtain the Kohn-Sham equations
=3V + Vis(r)]| dhilr) = cati(r). (4.10)
Multiplying by ¢} (r) and integrating gives
/dr () (~592) dulr) + /dr i (1) Vics (1) = &4, (4.11)

We obtain the dependence of the energy functional on the occupation numbers by

varying one of the {f;} while allowing the orbitals to relax (i.e. solving equations 4.6 and
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4.10 self-consistently). We define the kinetic energy for orbital 4, ¢;, by
t; = / dr o (r) (~1V?) vi(r) (4.12)
in terms of which the generalised kinetic energy functional T}/[n] is
In] = QZfi t;. (4.13)

Then

OE;,
Ofi

_2t+22f96 +2/drVKS (wz |+ija|%f)|>. (4.14)

Using equation 4.11 we can rewrite the terms not involving a summation over orbitals:

orl 2l
57 _2€l+2;f”<6f1+/d Vi) =g ) (4.15)
From the definition of ¢; (4.12) we obtain

2 Jar| 58 () + o (49) 28] e

afi ofi Ofi

Substituting this result in equation 4.15 we obtain for the second term on the right-hand

side
12 _ * 12 Op; (1)
QZf]/d afz (—3V% 4 Vis (1)) vy (x) + 03 () (—5V2 + Vis () 5 |- ()
Now using equation 4.10 we find
OB 9
57 = i +2;fjgja—ﬁ/dr|¢j(r)|2. (4.18)

The second term on the right-hand side vanishes since the orbitals are normalised and so

the final result is that
OF}

0f;

Variation of the functional subject to the constraint of constant electron number (i.e.

= 2. (4.19)

unconstrained variation of Ey, — uN) gives

SIBL — uN) = 22 (ei — 1 (4.20)
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This generalised functional is not variational with respect to arbitrary variations in the
occupation numbers [132]. Objections have been raised [133] to considering occupation
numbers other than zero or one in zero-temperature density-functional theory, but the
conclusion is still that at self-consistency, orbitals above the Fermi energy are unoccupied
and orbitals below are fully occupied, and we recall that this state of affairs corresponds
to an idempotent density-matrix.

If the occupation numbers are allowed to vary in the interval [0, 1] we see that the
lowest, value of the generalised functional is obtained for the correct choice of occupation
numbers outlined above. However, if the occupation numbers are allowed to vary outside
this interval, this result no longer holds since the energy can be lowered by over-filling
(fi — oo) orbitals below the Fermi level, or negatively filling (f; — —oo) orbitals above
the Fermi level, while still keeping the sum of the occupation numbers correct. Constraining

the occupation numbers to avoid these unphysical situations is discussed in section 4.4.

4.3 Density-matrix DFT

We consider a system with a set of orthonormalised orbitals {|¢;) } and occupation numbers

{fi}. The single-particle density-operator p is defined by
b= 3 filvud (4.21)
i
and the density-matrix in the coordinate representation is

p(r,r') = (r|plr’) Zfz Wi(r)ei (r). (4.22)

The diagonal elements of the density-matrix are thus related to the electronic density
by
n(r) = 2p(r,r) (4.23)

and the generalised non-interacting kinetic energy is

= 2/dr V2p(r r)] (4.24)

r=r’

This expression can be written as a trace of the density-matrix and the matrix elements
of the kinetic energy operator 7' = —3V?ie. TJ[n] = 2Tr(pT). Similarly, for the energy

of interaction of the electrons with the external (pseudo-) potential

Eos = 2/dr dr’ Vis(r', 1) p(r,r') = 2Tr(pV,s) (4.25)



4. Density-Matrix Formulation 45

where Vi(r', 1) = (r'|V|r). The definitions of the Hartree and exchange-correlation en-
ergies in terms of the electronic density (now defined in terms of the density-matrix by
equation 4.23) remain unchanged. Thus we can express the total energy of both interact-
ing and non-interacting systems in terms of the density-matrix. By minimising the energy
with respect to the density-matrix (subject to appropriate constraints to be discussed) we

can thus find the ground-state properties of the system.

4.4 Constraints on the density-matrix

4.4.1 Trace

From the definitions so far, the trace of the density-matrix is defined to be

2Tr(p) = 2/dr p(r,r) = /dr n(r) = N. (4.26)

This constraint may be applied explicitly, which is a simple matter given that this is a linear
constraint, or we may prefer to make the Legendre transform to the zero-temperature grand
canonical ensemble and work at fixed chemical potential and variable electron number,
minimising the grand potential {2 = F'— u/N rather than the total energy E. For insulators,
it is sufficient for the chemical potential i to be between the energies of the highest occupied

and lowest unoccupied states.

4.4.2 Idempotency

The self-consistent ground-state density-matrix must display the property of idempotency
i.e. p> = p. Unless the eigenvalues of the density-matrix (occupation numbers) remain
in the interval [0, 1] the density-matrix will follow unphysical “run-away” solutions. Un-
fortunately it is not possible to work directly with the eigenvalues of the density-matrix!
to constrain them to lie in this interval and together with the non-linearity of the idem-
potency condition, this constraint turns out to be the major problem to be tackled. We
briefly outline three ways in which this constraint can be dealt with. The first two of these
are related and all three are described in [134] in the context of Hartree-Fock calculations.

If we are considering m orbitals in our scheme, then the density-matrix in the repre-
sentation of those orbitals, or of a linear combination of those orbitals, is an Hermitian

m X m matrix of rank n = %N . The factorisation property of idempotent density-matrices

' The computational cost of diagonalising a sparse density-matrix scales as the square of the system-size.
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is that an idempotent matrix P may always be written

P=TT" (4.27)
where T is an m X n matrix whose columns are orthonormal i.e.

T'T =1, (4.28)

in which 1,, denotes the n x n identity matrix.
Any Hermitian matrix can be diagonalised by some unitary matrix U such that the
diagonal matrix P is
P=U'PU. (4.29)

As already observed, the property P2 = P implies P2 = P so that each diagonal element
(eigenvalue) is zero or one. The rank of P is unchanged by the unitary transformation so

that P has n 1’s and (m —n) 0’s on its diagonal. In this case,
p=vprUt =vpPUt =vupPUtUPUt = TT? (4.30)

in which 7" is an m x n rectangular matrix whose n columns are selected from those of U.
These columns possess the required orthonormality from the unitary property of U and
the proof of the factorisation property is complete.

We also note that expressing the density-matrix in this way guarantees that it is positive

semi-definite

Py = 3 (U'T)u(UT)}; = Y (UMT)(UTT), (4.31)

so that the eigenvalues are (no summation convention)

‘>0 (4.32)

Py =Y |(UTT)u
k

4.4.3 Penalty functional

Consider a matrix Ry which is not idempotent i.e. RZ # Ry. To make it so, we need to
reduce the matrix (R} — Ry) to zero, which can be achieved by minimising the (positive
semi-definite) scalar quantity Tr [(R2 — Rp)?], whose minimum value is zero, with respect

to the individual elements. Since

OTr [(R§ — Ro)?]
9(Ro)ij

= [2Ro(Ro — 1)(2Ro — 1)] (4.33)

ji
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this can be achieved by using the right-hand side of this equation as a search direction
in a steepest descents or conjugate gradients scheme. This results in a rapidly convergent

(second order) sequence Ry, Ry, Ry etc. which in the steepest descents method is defined
by
Ro1 = R2(3 —2R,). (4.34)

The limit R, is a strictly idempotent matrix close to Iy in the sense that the separation
Tr [(Roo — Ro)?| < Tr(Reo) = . (4.35)

Kohn [135] has suggested the use of the square-root of this function as a penalty func-

tional for the density-matrix:

3
Plol = | [ dr (0201 = p)?) (0,1 (4.3
and has proved that the minimum of the functional
2Tr(pHxs) — uN + oPlp]

equals the ground-state grand potential (i.e. P[p] = 0) for some a > a.({e;};p). In

particular,

(M

Q. > 2 [ > (e — M)Ql (4.37)

1ei <p
although he does not prove that this is a lower bound. A practical scheme would increase

the value of o until the minimum of the functional occurred for P[p] = 0, and this is

discussed more fully in section 6.1.

4.4.4 Purifying transformation

We consider the result of one steepest descent step i.e. one iteration of equation 4.34 which

allows us to write the density-matrix p in terms of an auxiliary matrix o as
p =30 — 203 (4.38)
The second order convergence is exhibited by

p? —p=4(c* —0)* - 3(c* — 0)? (4.39)
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so that if o is a nearly idempotent matrix (in a manner to be defined below), then p
constructed from o by (4.38) is a more nearly idempotent matrix, with leading error second-
order in the error of o.

In the common diagonal representation of p and o this relationship can be expressed

in terms of the individual eigenvalues A\, and A,:
A, =32 — 273, (4.40)

Thus as long as all of the eigenvalues of o lie in the interval —5 < A\, < % the eigenvalues

1
2

Figure 4.1: Behaviour of eigenvalues under the purifying transformation.

of p will lie in the interval 0 < A\, <1 as required. If any of the eigenvalues of o lie outside

1—y/5 145
2 1 2

and this defines the meaning of “nearly idempotent” for 0. Run-away solutions are still

the interval | ], then p as constructed by (4.38) will be less idempotent than o,

possible when the purifying transformation is used to construct p, but at least there is now
a metastable minimum at the ground-state, and variation of ¢ will implicitly drive p to

idempotency.

4.4.5 Idempotency-preserving variations

Finally we consider the most general change which an idempotent m x m matrix of rank n

can suffer, while maintaining that idempotency. Using the factorisation property we write
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R = TT" and consider changes in T i.e. T — T + 8T, where, without loss of generality,
0T = AT (4.41)

in which A is an arbitrary non-singular m x m matrix. Now the density-matrix R is a
projection operator associated with an n-dimensional vector subspace (I'g) spanned by the
columns of T. Any vector x may of course be uniquely decomposed into its components

lying in the subspace I'r and in the complementary subspace I'y_g:

X =Xp+X_nr (4.42)

where
xp = Rx, (4.43)
X1—r — (]_ - R)X (444)

To define a new matrix R it is sufficient to define a new n-dimensional subspace. Since
any vector can be decomposed according to equation 4.42, including the columns of 7', any
new vector (of arbitrary length) can be formed by adding a vector lying completely outside

['r. n arbitrary linearly-independent vectors of this kind are given by the columns of
0T = (1 — R)AT (4.45)

in which the action of (1 — R) is to project out the part of AT lying in I'g. So T+ §T with
OT defined by (4.45) defines a new subspace in a completely general way. However the
columns of 7" = T+ §T are no longer orthonormal and so it is necessary to orthonormalise

the columns of T" to obtain a new set T which defines the new projection operator
R+0R="TT". (4.46)

The metric associated with the vectors of T" is the m x m matrix M = T"'T" and so a
convenient orthonormalisation is

T=1TM">. (4.47)

Defining v = (1 — R)AR we note the following relations, following from 777 = 1 and
TT! = R.

T'R = THTT") = (T'T)T' =T" (4.48)
RT = T (4.49)
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T'w = T'(1—-R)AR=0 (4.50)
oIT = 0 (4.51)

Thus R+ 6R
_ TTT _ T/M—%(T/M—%)f _ T/M—lT/T _ T/(T/TT/)—lT/T
= [T+ (1— RAT)[(T+ (1 - R)AT)/(T + (1 — R)AT)] " [T+ (1 — R)AT]'
= R+ )T [T+ o)1 +0)T]  THR + o)
= (R+v)[1+ol] | (R+0). (4.52)

When A represents a small change, then a convergent expansion for the inverse matrix in

equation 4.52 can be used

o0

[+ 0] =3 (-1 (o) (4.53)
n=0
to write down dRR to any order
SR = (v+v") + (vol —vlv) +... (4.54)

By taking the expansion to first order only, we make the change 0 R linear in A (which
has certain advantages e.g. in implementing conjugate gradients) and see that this does

indeed maintain idempotency to first order:

SR = v+vi=(1-RAR+ RA'(1 - R), (4.55)
(4.56)
(R+0R)* - (R+6R) = (R*—R)+RIR+ (R)R+ (6R)* —6R
= R(1-R)AR+ R’A'(1 - R)+ (1 - R)AR? + RA(1 - R)R
—(1 — R)AR — RAT(1 — R) + (6R)?
= (R>—-R)AT1 - R)+ (1 - R)A(R*— R) + (0R)*
= (0R)? (4.57)

which vanishes to first order in §R as required. Thus if we have the ground-state density-
matrix and consider making variations consistent with idempotency to first order as de-
scribed here, then the energy must increase, and again some stability against the run-away

solutions is obtained.
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4.5 Requirements for linear-scaling methods

We have shown how it is possible to reformulate density-functional theory in terms of the
single-particle density-matrix, and the constraints which must be obeyed by ground-state
density-matrices. However, in the coordinate representation, we note that the density-
matrix is a function of two position variables p(r,r’) and thus contains an amount of
information which scales as the square of the system-size (as of course it must since it
contains all of the information in the Kohn-Sham orbitals, which are functions of one
position but with the number of occupied orbitals also scaling linearly with system-size).
To obtain a linear-scaling method, it is necessary to impose some further restrictions on

the density-matrix.

4.5.1 Separability

In practice we do not wish to deal with a function of six variables (i.e. two three-dimensional
positions). From the factorisation property of idempotent density-matrices, or the defini-

tion of the ground-state density-matrix in terms of the Kohn-Sham orbitals;
pr.x') =3 eir) fi 7 (x'), (4.58)

we see that it is possible to consider separable density-matrices described in terms of some
auxiliary orbitals. The general form of a separable density-matrix in terms of orbitals {¢;}
is

pr, 1) =3 i(r) Rijepj (r'). (4.59)

Although it is not necessary for the auxiliary orbitals to be orthonormal, in the case
when they are, we can consider this general form as simply a unitary transformation of the

Kohn-Sham expression (4.58):
Yi(r) = Z @i (r)Uji (4.60)
j

where U is the unitary matrix which diagonalises R:
fi= (U*RU)ii (no summation). (4.61)

When the auxiliary orbitals are not orthonormal, then they can be viewed as a more
general linear combination of the Kohn-Sham orbitals (involving both a unitary and Léwdin
transformation) which is described in section 4.6. Whichever case applies, there is no loss

of generality here as all idempotent matrices can always be expressed in this way, and these
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are the density-matrices of interest to us.

4.5.2 Spatial localisation

Kohn [136] has proved that in one-dimensional systems with a gap, a set of exponentially
decaying Wannier functions can be found in the tight-binding limit, and that this localisa-
tion is related to the square-root of the gap. His method is not easily generalised to higher
numbers of dimensions, and so until recently the exact nature of the Wannier functions
in general three-dimensional systems was unknown, although it was anticipated that they
would decay exponentially [137-139]. More recent numerical and analytical studies of the
localisation of the density-matrix showed the decay to be exponential and again related to
the square-root of the gap [140,141], thus supporting the general validity of Kohn’s result.
Very recently, however, Ismail-Beigi and Arias [142] have argued that in the weak-binding
limit the exponential decay varies linearly with the gap. What is now certain is that the
Wannier functions and density-matrix decay exponentially in systems with a gap, and that
this decay is more rapid in systems with larger gaps.

Wannier functions are simply a unitary transformation of Bloch wave-functions with
respect to the complementary variables of Bloch wave-vector and lattice vector. Let 1), (r)
be the normalised Bloch wave-function for the nth band with wave-vector k. Then the

corresponding Wannier function for that band w,gr(r) is defined by [143]

chll % .
wyr(r) = ((2%)3> . dk ¢,k (r) exp(—ik - R) (4.62)

and naturally the inverse relation holds:

bu(r) = (é%) > wan(r) exp(ik - R). (4.63)

The properties of Wannier functions are that they are localised in different cells (labelled

by lattice vector R) and are orthonormal:
/ dr w5 (r) wors (r) = Orr- (4.64)

The single-particle density-matrix in the case of full k-point sampling o(r, ') is given
by
1 *
olr.r') = 3 fi g5 [ dhe vi(r)ic(r) (4:65)

(in which we have assumed that we are dealing with an insulator with completely full
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or empty bands) which is a trace over wave-vector k and thus invariant under unitary

transformation so that it can also be written
o(r,r') = Z fi ZwiR(r)w;‘R(r'). (4.66)
i R

Thus if the Wannier function w;gr(r) is vanishing when |r — R/| is large, then when |r — /|
is large the density-matrix must also vanish in the same way since it is impossible in that
case for both |[r — R| and |[r' — R| to be small. Thus we expect that

p(r,r') -0 as|r—r'| > o0 (4.67)

where at zero temperature the decay is exponential in insulators and algebraic in metals.
We can exploit this long-range behaviour to obtain a linear-scaling method: we intro-
duce a spatial cut-off r.; and require that the density-matrix be strictly zero when the

separation of its arguments exceeds this cut-off;
p(r,r') =0, v — 1’| > reu, (4.68)

so that the density-matrix now only contains an amount of information which scales linearly
with system-size. Imposing this cut-off naturally restricts the variational freedom of the
density-matrix, so it will be necessary to converge the ground-state energy with respect
to this parameter in real calculations. Using the separable form above, we can impose
this restriction by requiring the auxiliary orbitals to be localised in space (i.e. vanishing
outside a certain region of space) and by making the matrix R sparse, so that elements of
R corresponding to orbitals localised in regions separated by more than the spatial cut-off
rews are automatically set to zero. The localised nature of the auxiliary orbitals requires a

localised basis-set to describe them, and this is the subject of chapter 5.

4.6 Non-orthogonal orbitals

We conclude this chapter with a discussion about the representation of the density-matrix
using non-orthogonal orbitals. We consider a set of non-orthogonal functions {¢, (r)} which

we denote {|p,)}, and introduce their dual functions defined by

[6%) = 165)Spa (4.69)
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in which the summation convention is assumed and the matrix S~' is the inverse of the

overlap matrix S defined by

Sas = (0al63) = [ dr Ga(r)ds(r). (4.70)

We have assumed from now on that we are only calculating wave-functions at the I'-point

and so can assume that everything is real. By construction, the dual states obey

(0°95) = (dal9”) = 02 (4.71)

and the completeness relation is expressed as

[67){bal = |6a)(6°] = |Pa)Sas (sl = 1. (4.72)

In general we will represent the density-matrix in the separable form

p(r,t') = da(r) K ¢5(r') (4.73)

and note that the density-kernel K®° # (¢,|p|¢s) because of the non-orthogonality.
We can construct an orthonormalised set of orbitals {|¢,)} defined as linear combina-
tions of the {|@,)} by the Lowdin transformation:

[Pa) = 08)Ss: (4.74)
such that
(@alps) = Say (D1]06)Ss5" = Sav’ S15555° = Oap- (4.75)

At the ground-state, these orthonormal orbitals {|¢,)} will be a unitary transformation of
the Kohn-Sham orbitals {|¢;)}, so that the density-kernel K defined as the density-matrix

in the representation of the orthonormalised orbitals {|pa)},

Kap = (@alples), (4.76)

can be diagonalised by a unitary transformation U as described in section 4.5.1 i.e. f; =

(UTKU); (no summation convention). The following relationship also holds;

[¥i) = |0a)Uai, (4.77)

and the relationship between the non-orthogonal orbitals {|¢,)} and the Kohn-Sham or-
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bitals {|¢;)} is of the general form
[¥3) = |0a)Vai = |65)Spa Uni = |95) Vai (4.78)
where the matrix V = S~2U and obeys

Viv = UlsIU, (4.79)
vvt = gL (4.80)

Using the completeness relation (4.72) we can now express the matrix K in terms of

other quantities:

pr,r) = Ga(r) K ps(r")
= (r[plr') = (r|da)Say (D415]65) S55 (Pslr")

= 6a(r)Sqy (¢10]ds)S55 95(r') (4.81)

so that
K = S_{¢,1065)Ss5, (4.82)
(9alplds) = (SKS)ap. (4.83)

In fact, the density-kernel K contains the matrix elements of the density-operator in the

representation of the dual vectors of the non-orthogonal functions:
K7 = 5,(6,10165) S35 = (#"1916"), (4.84)

hence the superscript notation.
If we wish to obtain the occupation numbers, we must diagonalise the matrix K which

is given by

Kog = (paldles)
= (Pald+) S35 (91l de) S (Hclws)
S8, (SKS)58 82,
= (52KS7),. (4.85)
Thus the eigenvalues of (S2KS3) are the occupation numbers.

At the ground-state, the density-operator and Hamiltonian commute, and thus both the

Hamiltonian and the density-matrix can be diagonalised simultaneously. The Hamiltonian



56 Linear-scaling methods in ab initio quantum-mechanical calculations

is usually represented by its matrix elements in the representation of the non-orthogonal
orbitals. Thus

Hap = (¢al H|s) (4.86)

in contrast to the definition of K. In this case, to obtain the eigenvalues of the Hamiltonian

{&;} it is necessary to diagonalise the matrix H

Hos = (polH|ps)
= {aldy) Sy (95| H|de) ST (cles)
88,87 HsS7 82,
= (STTHS 7). (4.87)

i.e. the eigenvalues of (S~2 HS™2) are those of the Kohn-Sham Hamiltonian.
The advantage of representing the density-operator and Hamiltonian in different ways
is that quantities such as the electron number and non-interacting energy can be expressed

easily:

N = 2Tr(K) = 2Tr(KS) (4.88)
Ext = 2Tv(KH) =2Tr(KH) (4.89)

since the factors of S~2 and S? cancel.

In the language of tensor analysis, the functions {|¢,)} are covariant vectors, and their
duals the associated contravariant quantities. The overlap matrix S,z plays the role of the
metric tensor to convert between covariant and contravariant quantities. This is seen by

verifying the relationship
S =54 (4.90)

For the orthogonal functions {|¢,)}, the metric tensor is the identity and so there is no
distinction between covariant and contravariant quantities.

In a linear-scaling scheme we will not be able to access the eigenvalues directly, since
although H and K are sparse, H and K need not be, and in any case, the effort to
diagonalise even a sparse matrix is O(N?). However it is important to understand the
different origins and roles of these matrices in order to analyse the equations which result

when we attempt to minimise the total energy to find the ground-state.



Chapter 5
Localised basis-set

One elegant and popular choice of basis in traditional calculations has been the plane-
wave basis. However, because of the extended nature of these basis functions they cannot
be used in linear-scaling calculations, and a different choice has to be made, in which
the basis functions are localised in real-space. Gaussians [144] are a popular choice since
many quantities can be calculated analytically [145], an advantage shared by the basis-set
proposed here. Other choices include truncated atomic orbitals [146], B-splines or “blip”
functions [147], wavelets [148] and real-space grids [149].

In this chapter we consider a localised spherical-wave basis set suitable for linear-scaling
total-energy pseudopotential calculations. The basis-set is conveniently truncated using a
single parameter, the kinetic energy cut-off used with the plane-wave basis. We present an-
alytic results for the overlap integrals between any two basis functions centred on different
sites, as well as for the kinetic energy matrix-elements which can, therefore, be evaluated
accurately in real-space. Two methods for analytically performing the projection of the ba-
sis states onto angular momentum states required for the use of non-local pseudopotentials

are also presented. This work has been published in [150].

5.1 Introduction

We present a set of localised functions which are related to the plane-wave basis set and
share some of its attractive features. A significant problem associated with localised basis
functions is that they are not in general orthogonal, so that as the size of the basis is
increased, the overlap matrix becomes singular. We demonstrate that the basis functions
introduced here are orthogonal, by construction, to others centred on the same site, and
that the overlap matrix elements for functions centred on different sites can be calculated

analytically, and hence evaluated efficiently and accurately when implemented computa-

o7
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tionally.

Another disadvantage of using basis functions localised in real-space arises in the calcu-
lation of the action of the kinetic energy operator. To take advantage of the localisation it
is necessary to focus on real-space and calculate all quantities in that representation. How-
ever, since the kinetic energy operator is diagonal in reciprocal-space, the kinetic energy
matrix elements are most naturally calculated in reciprocal-space. Methods to evaluate the
kinetic energy using finite-difference schemes can be inaccurate when used with localised
functions. It is particularly difficult to obtain accurate values for second derivatives in the
vicinity of the support region boundaries so that this error is of the order of the surface
area to volume ratio. For the one-centre integrals this is not significant, but for the two-
centre integrals, the intersection of two spheres may have a large surface area to volume
ratio and the error may therefore be large. Indeed, investigations show that the estimates
of such integrals obtained by finite differences may often be of the wrong sign! With the
new choice of basis, the matrix-elements of the kinetic energy operator between any two
functions can also be calculated analytically, thereby overcoming this problem.

One final advantage arises in the inclusion of non-local pseudopotentials which tradi-
tionally required significant computational effort. We present two methods of obtaining the
matrix-elements of the non-local pseudopotential operator by performing the projection of

the basis function onto a core angular momentum state analytically.

5.2 Origin of the basis functions

As described in section 3.3, in the pseudopotential approximation, the core electrons and
strong ionic potential of the atom are replaced by a much weaker potential in which the
remaining pseudo-valence electrons move. The pseudo-valence states no longer have to be
orthogonal to lower-lying core states and hence are much smoother than the all-electron
valence states in the core region and have less kinetic energy. Thus the pseudo-valence
states can be accurately represented by a much smaller set of plane-wave basis functions
than the all-electron states.

The plane-wave basis state expliq - r] is a solution of the Helmholtz equation (the time-

independent free-electron Schrédinger equation)

(V2 + q2) P(r) =0 (5.1)

subject to periodic boundary conditions, with energy F = %qQ.
If instead we wish to localise the basis functions, say within spherical regions of radius

a, so that the function vanishes outside these regions, then appropriate conditions would
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be to require the functions to be finite within the regions and to vanish on the boundary.
The solutions to the Helmholtz equation 5.1 subject to these conditions are then truncated
spherical-waves

5.2
0, r>a (5.2)

b(r) = { Je(qr) Yom (0, ), r<a

where (7,19, ¢) are spherical polar coordinates with the origin at the centre of the spherical
region, / is a non-negative integer, m is an integer satisfying —¢ < m < ¢ and ¢ is chosen to
satisfy js(ga) = 0. j, denotes a spherical Bessel function and Yy, is a spherical harmonic.
Solutions involving the spherical von Neumann function n, have been rejected because they
are not finite at the centre of the sphere.

We note that these functions solve the same equation as the plane-wave basis functions,
so that within the pseudopotential approximation the wave-functions will be well-described
by a truncated set of these basis functions. Moreover, these functions are eigenstates of
the kinetic energy operator within the localisation region r < a (i.e. in the region in which
they will be used to describe the wave-functions) with eigenvalue %qZ so that the same
kinetic energy cut-off used to truncate the plane-wave basis can be used here to restrict
the values of ¢ and q.

Since the Laplacian is a self-adjoint operator under these boundary conditions, appli-
cation of Sturm-Liouville theory proves that all states within the same spherical region are
mutually orthogonal.

In a calculation, the electronic states are described by covering the simulation cell with
overlapping spheres (known as support regions), usually chosen to be centred on the ions
or bond-centres at positions R, and expanding the localised support functions ¢, within

these spheres in this basis:

Pa(r) = Z Cq(lalsn Je(qne It — Ral) Yo (2R, )- (5.3)
ntm
The notation €2, is introduced as shorthand for the polar and azimuthal angles of the vector
r used to represent that vector in spherical polar coordinates. We denote the radius of the
sphere by r, so that the {g.¢} satisfy j;(gnera) = 0.

The expansion (5.3) is frequently written down formally, but rarely used computation-
ally because of the inconvenience of using spherical Bessel functions in numerical work.
However, the analytic results derived in the following sections offset this disadvantage.

As mentioned in section 3.2.2, linear-scaling methods are aimed at large systems, and
so the Brillouin zone sampling of the electronic states is usually restricted to the states at
the I'-point only. The wave-functions can then be made real without loss of generality, and

so in practice we use real linear combinations of the spherical harmonics defined below,
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which does not alter any of the analysis here.

Yo0(R2) = Yi0(Q)
Vim} =8 Yo = Z5 [Vomym)(Q) + (= 1)V ()] (5.4)
YE,—|m|(Q) = ﬁ [YE,—|m|(Q) - (_l)mYé,lm|(Q)]

These real combinations of spherical harmonics, which we denote Y;,,, can be written down

as real functions of the variables {f, z f} where (z,y, z) are Cartesian coordinates with

origin at the centre of the sphere, and are familiar as the angular components of s, p, d
etc. orbitals.
We introduce Xqnem(r) to represent a truncated spherical-wave basis function centred

at R, and confined to a sphere of radius r,:

' n _Ra Ym Qr— ) _Ra S o
xmm<r>={”(“'r e 59

0, Ir — Ra| > ra.

Equation 5.3 can then be written:

Z Xa nfm\T ) (56)

ném

5.3 Fourier transform of the basis functions
We define the Fourier transform of a basis function Xq nem(r) by
Xa,ném(k) = /11 dr exp[ik : I‘] Xa,ntm (I‘)
all space
— explik - Ry] / " dr r? jo(guer) / A0, explik-1] Vin (). (5.7)
0

The angular integral is performed by using the expansion of exp[ik - r] into spherical-waves

(A.3, appendix A) leaving the radial integral
Ramem (k) = 471’ Vo () exp fik - Ry] /0 "dr v jy(guer) Ge(kr). (5.8)

The radial integral can now be calculated using equations A.4 and A.5 and the boundary
conditions (that the basis functions are finite at » = 0 and vanish at r = r,) for the cases

when k # ¢, and k = ¢, respectively. The final result for the Fourier transform of a basis
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function is then

2
qn ra . .
oo debra)jei (). k# dues (@)
_ — Yne
Naunem (k) = 4mi" Yo () exp [ik - R,
3
QTZETQ .
k+ qngﬁq(%e?‘a), k= Gne- (b)

(5.9)
Equation 5.9b is in fact a limiting case of (5.9a) which can therefore always be substituted

for Xomnem(k) in an integral over reciprocal-space.

5.4 Overlap matrix elements

The overlap matrix for any two basis functions xqnem and xsnem centred at R, and Rg
respectively is
Sa,nlm;ﬂ,n’l’m’ - /dI‘ Xa,nlm(r)Xﬂ,n’l’m’(r)- (510)

Defining R, = Rg — R,, and using the result for the Fourier transform of the basis

functions, the integral can be rewritten as
1 . - -
Sa,nlm;,@,n’l’m’ - W /dk eXP[_lk . Roz,B]Xa,nlm(k)Xﬁ,n’l’m’(_k)- (511)
Using equation 5.9a we obtain

Sa,nlm;ﬂ,n’f’m’ = (QHZTZ) (QH’Z’T%’> jlfl(qnfra)jl’fl(qn’l’rﬂ) Ia,nlm;,@,n’l’m’ (512)

where I, pom;snem is the integral

[_ik ' Raﬂ]jﬂ(kra) jZ’ (k’l“/g)

) (o) (e () (19)

2 . exp
Ia,nﬂm;,ﬁ’,n’é’m’ - ; l(é é)/dk

Introducing differential operators ng, obtained from Y;,, by making the replacement

{Mz}_> 0. 0 9
rir’r 0%ap OYap 0Zap

where Rog = (Zas, Yass Zap) in Cartesian coordinates, equation 5.13 becomes

Je(kra) je(krg) jo(kRag)
KO (k2 = q2,) (K2 = q2p)

Ia,nlm;ﬂ,n’l’m’ - 4(_1)4 [)fmbf’m’/ dk (514)
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where we have used the fact that the integrand is an even function of £ for all values of / and
¢" to change the limits of the integral. From equation 5.14 I, y,¢m.8n/¢m N0 longer appears
manifestly symmetric with respect to swapping a and 3 (since there is no (—1)* term).
Nonetheless, it still is because under the swap {a, ném} < {8, 0'0'm'}, Dy — (=1)% Dy
and Dy — (=1) Dy

The three spherical Bessel functions in equation 5.14 can all be expressed in terms of
trigonometric functions and algebraic powers of the argument, using the recursion rules
(A.1, A.2). The product of three trigonometric functions can always be expressed as a sum
of four trigonometric functions with different arguments, using well-known identities. The

result is to split the integrand up into terms of the following form:

sink (ro £75 £ Rap)
k2 (K = ang) (K = aip)’

p always an odd integer,
(5.15)
cosk (1o £ 15+ Rap)
ke (k% — an) (K — appr)’

p always an even integer.

These terms are individually singular and generally possess a pole of order p on the real axis
at £ = 0 and cannot be integrated. However, since we are integrating finite well-behaved
functions over a finite volume of space, we know that the total integrand cannot contain
any non-integrable singularities. Therefore we can add extra contributions to each term to
cancel all the singularities except simple poles, in the knowledge that all these extra terms
must cancel when the terms are added together to obtain the total integrand.

We shall evaluate the integrals using the calculus of residues so that the general integral

to be performed is

exp[iRz]
= 7{ d 5.16
¢ (2 2) (2= ) (516)

where R = r,+rg+R,3 and the contour C' runs along the real z-axis from —oo to +00, and
is closed in either the upper or lower half z-plane, depending upon whether R is positive
or negative respectively. Adding the extra terms to remove the non-integrable singularities

we obtain the final form of the integral

m

R p—_2 (iRz
I—fd xXplift] = Yy (5.17)

(22 = qne) (2% — Gp)

This integrand has simple poles lying on the contour of integration at z = 0, £q,¢, T qne.
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The residues of these poles are

(iR)P~
( 1) qnﬂ qn’ﬂ’

(5.18)
exp|tignR] — Y% 2 M

2 (qguz - qn'z') (£ne

)pﬂ , 2z ==+q, (similarly for z = +¢,p).

Summing the residues to perform the Cauchy principal value integrals, and taking real or

imaginary parts as appropriate, we obtain the following results:

/ i sin kR + (cancelling terms)
kP (K2 = ) (K = dopr)

p*l p*l
T sgnR -1)= Rr! —1)7= RP' cosquR
ot | (D Mk 4 S ne (5.19)
Ape — Ay ( 1) qnﬂ ( 1) qn’ﬂ’ G
COS qn:g/R p3 ( )m R™ ( )ﬂRm
o ptl Z p—m+1 p—mil (|
n'l' m=0, even qn qn’l’
/00 Q& kR + (cancelling terms)
oo kP (K2 —q2) (K2 —qZp)
T sgnR [_(— )2 RP~=' (—1)% Rr-! _ singuR (5.20)
Qoo — G P-=Dla, (—D! g Qf:zrl '
sinqn/g/R p3 (— )m—_Rm (— )—Rm
+7 + m - m
qm} ngodd{ qgé o qZ'e' o
where
-1, R <0,
sgnR = (5.21)
+1, R > 0.

For the case when ¢,y = ¢/, we note that since the integrand in equation 5.17 must still
only have a simple pole at z = +¢,, we obtain a simplified form in this special case by

taking the limit g, » — ¢ne of equations 5.19 and 5.20.

/00 dk sin kR + (cancelling terms)
kP (k2 = q2,)” -
(—1 )ER”’1 (p+ Dcos gueR RsingueR

m sgnkRk 5.22
(p— 1! gn 2¢5)° 2¢5)° (5:22)
= (=)E(p—m+1)R™
+ Z 2( ) p—m—+3 )
m=0, even Qne
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/00 Q& kR + (cancelling terms)

—o0 kv (k2 — ¢2,)°
(-=DERP'  (p+1)singuR  RcosquR
m sgnkiR — — 0.23
(p— 1! g, 2q5;° 240 5:29)
= (D" (p-m+ 1R
+ Z 2 N ,P—m+3 .
m=1, odd (m!)a,y

The result for S, nem:snem is obtained by summing the results in equations 5.19, 5.20,
5.22 and 5.23 for all the terms in the expansion of the integrand (5.14) and then operating
with the differential operators bgm.

A second special case occurs when Rog = 0, and in this case it is simplest to perform
the integral (5.10) in real-space using the generalised orthogonality relation for spherical

Bessel functions (A.4) when ¢,; # qup.

1

_qnérijﬂ(qn’é’ra)jﬂ—l(Qnﬂra)a To < s,
Sa,ném;ﬂ,n’ﬂ’m’ - ﬁé‘éﬂ’(smm’
n'l

- , (5.24)
Qe 3Je(qners)je-1(GneTs)s  Ta > T

nl

There is also the case when R,3 = 0 and ¢,/ = ¢,¢ which is calculated using equation

A5,
Tijlg—l(qnéra)a e < T3,

. (5.25)
1337 1(qners), To 2 T3

1
Sa,nlm;ﬂ,n’l’m’ - §5M’5mm’ {

Finally, it is obvious that the overlap matrix element must vanish when the separation of
the the sphere centres exceeds the sum of their radii (i.e. Rop > 74 + 73) because then
there is no region of space where both basis functions are non-zero. However, this is not
obvious from the results presented above, but arises because of the change of sign of the
residue sums in equations 5.19, 5.20, 5.22 and 5.23 (denoted by sgnR) which occurs when

R,3 = ro + 13 and results in the exact cancellation of all terms.

5.5 Kinetic energy matrix elements

The kinetic energy matrix elements for any two basis functions xu,nem and xgen centred

at R, and Ry respectively are defined by

E,nlm;ﬂ,n’l’m’ = _%/dr Xa,nlm(r)v2x,3,n’l’m’(r)

1 . ) )
= Sy / dk k2 exp|—ik - Ros]Xontm (K) Vg mem (<) (5.26)
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Because of the discontinuity in the first derivatives of the basis functions at the sphere
boundaries, a delta-function arises when the Laplacian operates on a basis function. This
is integrated out when the matrix element is calculated and this contribution is included
when transforming the real-space integral to reciprocal-space in equation 5.26.

The second line of equation 5.26 is identical to equation 5.11 apart from a factor of %kQ.
The same separation into individually regular terms can be applied here, and the result is
that we need to calculate the contour integral (5.17) as before, except that the integer p
must be replaced by (p — 2) and a numerical factor of % is introduced. The calculation of
the residues is identical to that presented in the previous section, except that the integrand
no longer always has a pole at z = 0 in every term.

The results for T4 nem:snem When Rys = 0 are

5000 0mm | =32 je(qwera)je-1(Gnera), Ta < T
Une = Goe | @or3ie(ners)je (@wers),  To > 15

} Int 7 Quier,

(5.27)

15,8 2 rr?;jlgfl(qwra)a To < Tps B
2o mm/ pp 3 .9 Qne = Qu'e’ -
rﬂjé—l(qnfrﬁ)a Ta > T8

The calculation of the kinetic energy has been checked by projecting a set of wave-functions
expanded in the spherical-wave basis onto the plane-wave basis using equation 5.9a. As the
kinetic energy cut-off for the plane-wave basis is increased, so the description of the wave-
functions becomes more accurate. The kinetic energy calculated using the results above can
then be compared against the kinetic energy calculated by the plane-wave O(N?) CASTEP
code [82].

From the asymptotic behaviour of the spherical Bessel functions, the Fourier transform
(5.9a) for large k is

sin(kr, — )
L3
and so the error in the kinetic energy due to truncating the plane-wave basis with cut-off

172
E(:ut = §kcut 1S

Xa,ném(k) X %m(Qk) (528)

00 1 1 1 1
AT d k2 (—) 2 (—) _ . 2
. kecut k3 k3 kcut > V Ecut (5 9)

In figure 5.1 the kinetic energy as calculated by the plane-wave code has been plotted
against 1/v/Eq,; and yields a straight line as expected, which can then be extrapolated to
obtain an estimate of the kinetic energy calculated for infinite cut-off: 60.66 + 0.01 eV.
This is in agreement with the value calculated analytically of 60.65 eV.
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Figure 5.1: Plot of asymptotic fit to kinetic energy data.

5.6 Non-local pseudopotential

In this section we present two methods for obtaining the non-local pseudopotential matrix
elements. The first constructs a Green’s function in order to expand the basis functions
on one site in terms of the same functions centred elsewhere. This method is particularly
efficient, although it requires some restrictions to be made in the radial part of the support
functions to give a variational method. The second method adopts the Kleinman-Bylander
form and uses the results for the overlap matrix elements. This method is slower, but more

robust numerically and allows direct comparison with existing pseudopotential codes.

5.6.1 Green’s function method

The general form for a semi-local pseudopotential operator (i.e. one which is non-local in

the angular but not radial coordinates) for an ion is

Var, = Z |€m>6‘7g<€m| (5.30)
Im
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where (r|¢m) = Y;,,(Q) and Yy, is centred on the ion.

The pseudopotential components 0V, are themselves short-ranged in real-space, and
vanish beyond the core radius r.. Therefore the action of the non-local pseudopotential
depends only upon the form of the wave-functions within this core region. We require the
matrix elements of the non-local pseudopotential between localised basis functions which
are not necessarily centred on the ion.

We therefore need to find an expansion of the basis functions in terms of functions
localised within the pseudopotential core. Since the basis functions are all solutions of the
Helmholtz equation, we invoke the uniqueness theorem which states that the expansion we
seek is uniquely determined by the boundary conditions on the surface of the core region
and solve the Helmholtz equation subject to these inhomogeneous boundary conditions by
the standard method using the formal expansion of the Green’s function. We can write

the basis function over all space using the Heaviside step function H(x)

0, z <0,
H(z) = { ) 50 (5.31)

so that a basis function centred in a sphere of radius r, at the origin (i.e. for R, = 0) is

Xa,ntm (I‘) = jé (qnér)}/ﬂm(ﬂr)H(Ta - T) (532)

and therefore

(V4020 Xamem (T) = [jé(qnzr)5'(7“a —7)—2 {qnejé(%ﬂ) + T_ljé(QnéT)} 6(re — T)] Yo ().

(5.33)
The terms on the right-hand side only contribute on the sphere boundary r = r,; every-
where else in space the basis function obeys the homogeneous Helmholtz equation (5.1).
These terms will give rise to an extra term in the Green’s function solution due to the
discontinuity of the first radial derivative of the basis function at the sphere boundary.
However, if the radial function for each angular momentum component has a continuous
first derivative, then these contributions will cancel. In this case, we can proceed assum-
ing that the basis function obeys the homogeneous equation everywhere. This condition
is naturally obeyed by the support functions when the support regions are large enough,
since there is a kinetic energy penalty associated with the same discontinuity in the radial
wave-function, but in this case we would lose any variational principle if there was a dis-

continuity at any stage during the minimisation. A better solution is to impose a sum rule
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on the expansion coefficients in equation 5.3 to maintain a continuous radial derivative i.e.
ZC QHZJZ anroz) =0 (534)

which can be used to fix one coefficient in terms of the rest for each angular momentum
component. This is the restriction mentioned above which must be imposed if the Green’s
function method is to be used. The basis function is assumed to obey the homogeneous
Helmholtz equation throughout all space. In the original support region, homogeneous
boundary conditions were applied. Now, in an overlapping region of radius r. (the core
region for the non-local pseudopotential), the basis function must still obey the same homo-
geneous Helmholtz equation, but it is now subject to inhomogeneous boundary conditions.
Standard methods can be used to transform this problem into the solution of an inhomo-
geneous Helmholtz equation subject to homogeneous boundary conditions, and this new
problem has a standard solution in terms of the Green’s function, which can be formally
expanded in terms of the eigenfunctions of an appropriate self-adjoint operator (here the

operator on the left of the Helmholtz equation). The result is
Xa, nfm Z fnlm 1+ Z al 'l ]gl(qn/g/’r‘ ) E’m’ (Qr’) (535)
m/ n/

and is valid for points r' = r — R,,, + R,, within the core region (i.e. for r' < r).

The coefficients f3% and a?7 are defined by:

leﬁln;z = /,_ er’ 1_/vf’m’(Qr’) Xa,ntm (rl + Rion - Ra); (536)
2 )\ 191 T2 ] ’_ ()\ s ) Tc
nfm n'e' Te Jo—1 (An/eTc / 9.
e = ; — dr r Je A )|
V4 ’["g -]l%—l ()\nlngc) l q721,€ — )\%%, 0 ( n )

(5.37)

The {\,¢} are chosen by jy(Anere) = 0 and play the same role as the {g,s} in the expansion
of the wave-functions. The integral in equation 5.37 is straightforward to evaluate for given
0.

The surface integral in equation 5.36 is evaluated by first rotating the coordinate system
so that the new z-axis is parallel to R, — Rjon, thus mixing the spherical harmonics [151].
The elements of the orthogonal spherical harmonic mixing matrices Cf,fzn, are defined by
the elements of the rotation matrix for the coordinate system. In terms of the components
(z,y,2) of the vector R, — Riop of length r = |R,, — Rjon|, and v*> = r(z +r), the rotation
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matrix O is given by:

X vi—a2? —zy —x(z+7)
0= = —zy  vi—1y? —y(z+7r) (5.38)
z(z+r) ylz+r) z(z+7)
The singularity which occurs when z = —r i.e. when the ion is “vertically” above the

support region, is avoided by inverting the calculation through the origin when z < 0. The

spherical harmonic matrices C® | can be written in terms of the elements of this matrix.

mm/

Here we write them out explicitly for £ = 0,1, 2:

c® =1 (5.39)
O Oz O

0(1) = Oa3 Os3 O3 (5-40)
Oz Oz O

012091 + 011025 022031 + 02,035 V3031032
01302 + 012093 023035 + 02033 V303,033
c? = V3013023 V3023033 $(303;, - 1)
013091 + 011093 093031 + 02,033 V3031033
011021 — 01202 021031 — 02303 ?(032,1 — 03%,)

012031 + 01103, 011013 — 02109
013033 + 012033 012013 — 022093
V3033013 L0 — 03y) (5.41)
013031 + 011033 011013 — 021093
011031 — 01203, %(0%1 + 03, — 07, — 03)

In the new coordinate system, the surface integral is written in terms of a one-dimensional

integral
1
! (&' = [mp!'(€ = [m!*
Konom (U, qne) = — [ (200 +1)(20+ 1
entm 14 000) = 5 [( A T v e
min(u+1,rq/rc) 1+ u? — 22 1 — 2 — 22
dz 2P [ ") julguere) P | ———
/|u1 “x0 ( 2u Jelanerez) Py 2uz
(5.42)
in which the dimensionless variable v = W is introduced. PlJml(x) denotes an as-

sociated Legendre polynomial, and these integrals can all be calculated indefinitely using
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elementary methods once the integrand is expanded into trigonometric functions.
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Figure 5.2: Non-local pseudopotential energy against number of Bessel functions used
in Green’s function expansion

The numerical evaluation of the analytic results for Kp,sm(u,gne) is inaccurate when
u < 1 and in this case it is necessary to employ Taylor expansions of the results. The two
different cases for the upper limit of the integral also need to be treated separately, and
this is one reason why the Kleinman-Bylander method described next is preferred.

The final result for f2“7 is then

Iml

min(¢,0") )
am— N O Kpmm O, (5.43)
M=—min(¢,l")
Defining the core matrix elements
' /0 “dr r? Je(Aner)OVa(r) Je(Anre) n,n #0
oV, = /0 Cdr 1 Je(Aner)dVi(r) n#0,n" =0 (5.44)
/Cdrr26W(r) n=n"=0
< Jo

the matrix element of the non-local pseudopotential operator between any two basis func-

tions overlapping the core (Xanem and Xguem) can be written (defining afs™ = 1) as the
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sum:

Vomtmpnitm = Z ném g’ Cm ’{Z ap{msVikanm } (5.45)

4,j=0
The non-local pseudopotential data is therefore stored in terms of the core matrix elements
defined in equation 5.45. In figure 5.2 we plot the non-local pseudopotential energy against
the number of core Bessel functions for an s-local silicon pseudopotential generated accord-
ing to the scheme of Troullier and Martins [74]. We see that the energy converges rapidly
with the number of core Bessel functions used (the dashed line is the energy calculated with
fifty core functions.) Increasing the number of core functions only increases the number
of a™m coefficients required, and the separable nature of the calculation means that even

using fifty core functions requires very little computational effort.

5.6.2 Kleinman-Bylander form

23 =———= Bessel functions
\ CASTEP result

Non-local energy / eV

Number of Bessel functions

Figure 5.3: Non-local pseudopotential energy against number of Bessel functions used
to describe Kleinman-Bylander projectors.

We reproduce equation 3.76 which demonstrates the Kleinman-Bylander form of the pseu-

dopotential in terms of pseudo-atomic eigenstates {|dgm,)}-

. sV, ™ m5V
o — V10c+2| 1Dem) (Pemd V|

(5.46)
i (Sem|0Ve|bem)
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For pseudopotentials whose non-local components {§V;} vanish at the core radius r., the
projector states {|0V;psm)} can be expanded in the basis-states {|Xnem)}, and then the
matrix-elements of the pseudopotential operator are straightforwardly obtained by ap-
plying the result for the overlap matrix elements, without resorting to the scheme by
King-Smith et al. [152].

In figure 5.3 we show how the non-local pseudopotential energy rapidly converges as the
number of Bessel functions used to expand the Kleinman-Bylander projectors is increased.
This method is numerically more stable than the Green’s function method, although slower,
and has the added advantage that it allows a direct comparison to be made between the
results calculated using this basis-set and traditional plane-wave codes. For these reasons

the Kleinman-Bylander method has been used in computational implementations.

5.7 Computational implementation

The results in equations 5.19, 5.20, 5.22 and 5.23 have been written in a form which shows
that in general each term can be represented by a real numerical prefactor, integers which
are the powers of {R, ¢ns, gne} and one further integer to signify the presence of one of
the terms {sin ¢,,R,sin ¢ ¢ R, cos ¢, R, cos ¢yp R}. When these terms are combined and
differentiated by the Dy, the general term also needs integers to represent powers of
{Zaps Yapss Zap, Rap, Ta, 73}. Therefore a general term in the expressions for Sy pnem:s.nem’
and o pnem:gnem could be represented by a data structure consisting of one real variable

g and ten integer variables I1_;q as follows:

TapYasZapl' f(R)

Is Is . .1;..18 plo
ApoQnr e ra7 r,B Raﬁ

— {9, I, I, I3, Iy, I5, Is, I7, Is, Iy, I1o } (5.47)

with the following correspondence between f(R) and I4y:

f(R) = {1, sin qn[R, sin qn/g/R, CcOS qn[R, COS qn’f’R}
Ty = {0,1,2,3,4}. (5.48)

A recursive function can be written to manipulate these encoded terms and perform the
differentiation by the Dy, which can themselves be generated using the recursion rules
for the associated Legendre polynomials. Thus it is straightforward to write a code which
starts from equation 5.14 and generates the results up to arbitrary values of ¢ for S,z
and T,s for the cases when R,3 # 0. The results for R,3 = 0 are simple enough to be
coded within the program which uses this basis. For a given ionic configuration the matrix

elements between the basis states can be calculated initially and stored on disk for use
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during the calculation.

The cost of calculating the analytic matrix elements increases dramatically as higher
angular momentum components are included. In general, a much smaller value of £, is
used than is “recommended” by the kinetic energy cut-off. However, these basis functions
are being used to describe functions localised in overlapping regions, and in this instance,
a degree of “under-completeness” is desirable. If the basis functions formed a complete
set (up to a given kinetic energy cut-off) in each support region, then a variation which is
confined to the overlapping region can be equally described by variations in either region.
Symmetric and antisymmetric combinations of these variations can be formed, the anti-
symmetric variation vanishing and thus leaving the density-matrix invariant. Therefore
this superposition results in directions in the parameter space with very small curvature
which degrade the efficiency of minimisation algorithms (see section 6.2.3). When working
with overlapping support functions, it is therefore better to treat /.. as a convergence

parameter along with, rather than derived from, F.;.






Chapter 6
Penalty Functionals

In this chapter we first outline Kohn’s derivation of a variational principle for a gener-
alised energy functional which includes a penalty functional to impose the idempotency
constraint. We show that this functional is non-analytic at its minimum and therefore
incompatible with efficient minimisation algorithms, using conjugate gradients as an ex-
ample.

We then outline an original scheme to use well-behaved penalty functionals to approx-
imately impose the idempotency constraint. The density-matrix which minimises these
generalised energy functionals is therefore only an approximation to the true ground-state
density-matrix, but the resulting error in the total energy can be corrected to obtain ac-

curate estimates of the true ground-state energy.

6.1 Kohn’s method

6.1.1 Variational principle

As mentioned in section 4.4.3, Kohn [135] has suggested the use of a penalty functional to
impose the idempotency condition, and has proved a variational principle based upon it.
We consider trial density-matrices p(r,r’) expressed in diagonal form with real orthonormal

extended orbitals {¢;(r)} and occupation numbers { f;}:
pr,x') =3 fi eilr)ei(r’). (6.1)
The functional Q|p; i, @] is then formed:

Qlp; u, ] = Exa[p?] — pN[p?] + a P[] (6.2)

75
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in which

Exilp?] = 2/dr'{[—%V3p2(r,r')]r:r, + P2 (v, ) Vs (1 } = QZf2 g,  (6.3)

N[ = 2 / dr p(r,r) =23 f2, (6.4)

i = [far (o) en] =[S0 a] (65

and where y is the chemical potential and « is a positive real parameter.
Kohn proves the following variational principle: that for some a > a,, the minimum
value of Q|p; i, a] is obtained for the idempotent ground-state density-matrix py and that

the minimum value is the ground-state grand potential i.e.

min Qlp; p, a] = Builp}] — uN[pf] = 3 (" —n) (6.6)

- _(0)
€, <p

in which the {51(0)} are the exact eigenvalues of the self-consistent Hamiltonian, generated
by the ground-state density-matrix py.

The critical value of a, denoted «., is given by

dQ(P")
G = MAX | —p (6.7)
in which Q(P’) is the conditional minimum defined by
Q(P') = min (Exi[p’] — pN[p’]) (6.8)

Plo]=P"

i.e. the minimum grand potential for all trial density-matrices which give a penalty func-

tional value of P’. Clearly

M

dQ(P)
P’

=2 > (" —p (6.9)

P'=0 ;. _(0)
€, <p

-

although this is only a lower bound on ..
Kohn’s variational principle is based on the non-interacting energy Exi[p?]. We now
present a simple modification of this functional based upon self-consistent variation of the

interacting energy. Consider the functional

Qlp; i, @] = Elp] — uN[p] + aP[p] (6.10)
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Figure 6.1: Behaviour of Kohn’s penalty functional P[p] when a single occupation
number f; is varied and all others are zero or unity.

in which E[p] is the interacting energy, and p is a positive semi-definite trial density-matrix.
A given set of occupation numbers {f;} fixes the value of the penalty functional P[p] and
variation of Q[p; 1, @] with respect to the orbitals {¢;(r)} at fixed occupation numbers and
subject to the orthonormality constraint yields Kohn-Sham-like equations. Self-consistent
variation of the occupation numbers {f;} (i.e. allowing the orbitals to relax, as in section
4.2) yields

0Qlp; 11,0 o
af; p[p]fl(l fi)(1=2f). (6.11)

In the case of idempotent density-matrices, for which P[p] = 0, we obtain the special cases

=2(g; — p) +

Q[ p; 1, ]

— =2(e; — p) £ o (6.12)
Ui p=ra)

For this functional the critical value of «, again denoted a, is given by
a = max 12(g; — p)| (6.13)

where the maximum is strictly over those density-matrices searched during the minimisa-
tion. For a > a the total functional Q[p; 1, o] takes its minimum value when f; = 0,1
for e; > p and &; < p respectively. In particular, for the ground-state density-matrix

po, the functional is strictly increasing with respect to all variations in occupation num-
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bers. The discontinuity in the occupation number derivative of the penalty functional at
idempotency is required because of the non-variational behaviour of the total energy with
respect to these variations (section 4.2). The behaviour of the penalty functional for un-
constrained occupation number variation is plotted in figure 6.1, and in figure 6.2 the total
functional is sketched schematically for several representative values of the parameter a.

This demonstrates how the minimising density-matrix is idempotent only for o > a.

a<a, a=o a>o

-05 00 05 10 15 -05 00 05 10 15 -05 0.0 05 10 15
fi fi fi

Figure 6.2: Schematic illustration of Kohn’s variational principle: behaviour of the
total energy (black) and total functional (red) for representative values of .

6.1.2 Implementation problems

The conjugate gradients algorithm for minimising functions is described in appendix B.
Throughout the lengthy derivation it is clear that the useful results obtained and the
remarkably simple final result are due to the special properties of quadratic functions.
Any function may be expanded in the form of a Taylor series about an analytic point,
and around a minimum where the first order term from the gradient vanishes, a quadratic
function is generally a good approximation. However, we note that the Kohn penalty
functional has a branch point from the square-root function exactly at the ground-state
minimum which we seek, and so the function cannot be Taylor-expanded there. Local
information from the gradient cannot be used to infer the global shape of the function.
This is illustrated in figure 6.3 for the case of a parabolic interpolation to find a line
minimum based upon the gradient and a trial step, but the problem is even worse in the
multi-dimensional space since the “conjugate” directions constructed from the gradients
will not point in the direction of the ground-state minimum.

This problem is reflected in the very poor convergence when an attempt is made to

minimise the functional using conjugate gradients: the steepest descents method actually
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Figure 6.3: Failure of quadratic interpolation for Kohn'’s penalty functional.

performs better because it does not assume global quadratic behaviour. Also, the penalty
functional does not vanish at the minimum sufficiently quickly as the parameter « is
increased. However, the root-mean-square error in the occupation numbers 6 f, given by

5f = Plp]

NeTE (6.14)

in fact decays more rapidly, so that the total energy calculated at the minimum is quite
accurate, although it is neither variational nor an upper bound. Also, although the total
functional Q[p; i, ] decreases monotonically, the total energy does not. Thus no advantage
is gained by using the variational property, since it can only be applied to the total energy
when P[p] = 0. The variational property of the total functional is that it is minimal at the
ground-state, but this minimum is defined in terms of the functional taking its minimum
value there, not in terms of a vanishing gradient (the gradient being undefined at the
ground-state). Because of the non-variational behaviour of the total energy with respect
to the occupation numbers at the ground-state, it is impossible to construct a penalty
functional which has a continuous first derivative at the ground-state and also results in a

variational principle for the total energy.

In figure 6.4 we present the results of tests on an 8-atom silicon cell to demonstrate
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Figure 6.4: Convergence properties of Kohn’s penalty functional: behaviour of penalty
functional and occupation numbers with o.

the behaviour of the functional. As the penalty functional parameter « is increased, both
the contribution of the penalty functional to the total functional a/P[p], and the root
mean square error in the occupation numbers d f decrease, but not rapidly enough with o
since the number of iterations required to reach convergence increases with o making the
calculations too expensive for practical applications. For example, the number of iterations
required to converge the total functional to 0.01 eV per atom increases by a factor of more
than ten when « is increased from 100 eV to 1000 eV. Even with the smaller value for «,

the rate of convergence is much slower than traditional methods, and this is due to the
incompatibility of the functional with the conjugate gradients scheme.
6.2 Corrected penalty functional method

6.2.1 Derivation of the correction

In this section we present a new method to perform total energy calculations using a

penalty functional to enforce idempotency approximately. We define a generalised energy
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functional Q[p; o] for trial density-matrices p by

Qlp; o] = Elp] + aP[p]. (6.15)

Plp] represents the penalty functional, which in this new method is required to be analytic
at all points so that efficient minimisation schemes such as conjugate gradients may be

applied. The simplest example is to take the square of Kohn’s penalty functional i.e.
Pl = [dr [0 (1= o] (r,r) = S £2 (1= 1), (6.16)

but other choices are also possible (section 6.2.2). This penalty functional is sketched in

figure 6.5. Since the penalty functional becomes large as the density-matrix becomes less

0.3

Penalty functional
o
N

T

L

o
[EEY
T
1

0'0 n 1 n 1 n 1 n
-0.5 0.0 0.5 1.0 15

N

Figure 6.5: One possible choice of analytic penalty functional.

idempotent, minimisation of the total functional Q[p; ] is stable against run-away solutions
in which f; — oo for occupied bands and f; — —oo for unoccupied bands. However, as
illustrated in the sketch in figure 6.6, the minimising density-matrix is only approximately
idempotent. In this particular case of an unoccupied band, the total functional is minimised
when this band is negatively occupied i.e. for f; < 0. In general the minimising density-
matrix p will have eigenvalues lying outside the interval [0, 1], so that the energy calculated
from such a density-matrix will be below the true ground-state energy.

We denote the set of occupation numbers which minimise the total functional Q[p; o]
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Figure 6.6: Schematic illustration of the analytic penalty functional: behaviour of the
total energy (black) and total functional (red) with respect to a single occupation number
for an unoccupied band.

by {f;} and the errors in these occupation numbers with respect to idempotency by f; =
fi(o) + 0 f; where fi(o) = 1 for occupied bands and fi(o) = 0 for unoccupied bands. Since
Qlp; ] is minimised by p, it is a minimum with respect to all changes in the occupation

numbers which maintain the normalisation constraint
2/dr plr,r) =25 fi=N (6.17)
which is imposed by introducing a Lagrange multiplier \:

6(?‘[ (p; ] — (2213 )] = 0. (6.18)
’ fi=Fi

Using Janak’s theorem for the derivative of the energy functional we obtain

§i+aﬁ(1—ﬁ)(1—2ﬁ)—)\:0 (6.19)
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in which {£;} are the eigenvalues of the Hamiltonian obtained from the electronic den-
sity n(r) = 2p(r,r) and are therefore different from the true ground-state eigenvalues.
Assuming « to be sufficiently large so that the errors {Jf;} are small,

(6.20)

Application of the normalisation constraint 6.17 requires Z 0 f; = 0 from which we obtain
i

the value of the Lagrange multiplier A:
D IE (6.21)
= g .
N5

which is the mean energy eigenvalue. The variance of the errors in the occupation num-
bers is thus related to the variance of the energy eigenvalues, scaled by the parameter a.
Therefore, as is intuitively expected, the errors in the occupation numbers decrease as « is

increased. More precisely, d f; oc ! and this behaviour is confirmed numerically in figure
6.7.
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Figure 6.7: Variation of the occupation number errors with «. Lines show the best fit
to o~ ! behaviour.
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For small deviations from idempotency, the penalty functional P[p] ~ >4 f7 so that the

penalty contribution to the minimised total functional, aP[p] also decreasles in proportion
to a!. Hence the energy approaches the true ground-state energy as a — oo, again
with an error which decreases as a~'. This a~! convergence is unsatisfactory for practical
applications, since it requires large values of o to obtain accurate estimates of the ground-
state energy, and for large values of a the penalty term dominates the total functional and
hinders efficient minimisation of the energy term. We now proceed to derive a correction
to the estimated energy which allows accurate values for the ground-state energy to be
obtained from the approximately idempotent density-matrices which minimise the total
functional.

At the minimum of the total functional,

0Q[p; o] _o_ 9B [p]

0f; fi=Ffi 0f; ‘fi_fi

+20f; (1- fi) (1-2f) (6.22)

and this expression can be used to construct a first order Taylor expansion for the total
energy with respect to the occupation numbers. We thus estimate the true ground-state

energy Fy to be
Ey = Elpo] % E[p] + 20} [, (1= F) (1-2F)of (6.23)

For occupied bands, ¢ f; = f; — 1 whereas for unoccupied bands 6 f; = f; so that

all unocc

EO%E[ﬁ]—ZaZﬁ(l—ﬁ-f(l—Zﬁ) +20 ) fi(1-F) (1-2F). (6.24)

The first term of the correction has been written as a sum over all bands so that it can
be expressed in terms of the trace 2a/Tr [ﬁ(l — )21 - 2/3)] which can always be evalu-
ated in O(N) operations. The second term only contributes when unoccupied bands are
included in the calculation, which is not necessary for insulators. Since a single eigenvalue
of the (sparse) density-matrix can always be obtained in O(N) operations, it is possible
to evaluate the correction for a small number (< N) of unoccupied bands and retain the
linear-scaling. However, we note that the correction need only be calculated once the min-
imum of the total functional has been found, so that a single O(N?) step to obtain all of
the occupation numbers will still be a tiny fraction of the total computational effort.

The error in a Taylor expansion is generally estimated by considering the lowest order
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term omitted, which in this case is

0%,

1 0" Elp]
=Y 0f; 6f; => 6fi =
24 i ij 0f; fi=Fj ij

2
-1
where #;; is the chemical hardness matrix. Unfortunately this matrix is not guaranteed to
be either positive or negative definite, and so the estimate of the ground-state energy 6.24
is not a strict upper or lower bound to the true energy. As will be seen shortly, this error is
generally much smaller than other sources of error (such as the finite support region size,
with respect to which the energy does behave variationally) so that this is not an issue in
practice.

In figure 6.8 the energy, total functional and corrected energy are plotted for different
values of the parameter a. These results confirm the a~!' behaviour of the energy and
penalty functionals, and the error in the corrected energy even for @ = 50 eV is smaller
than 10~* eV per atom. Thus we have achieved our aim of being able to obtain accurate
estimates of the ground-state energy from approximate density-matrices which minimise

the total functional for values of a for which efficient minimisation is possible.
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Figure 6.8: Total energy, total functional and corrected energy versus «. Lines are best
fits to a~! behaviour.
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6.2.2 Further examples of penalty functionals

Before studying the efficiency of the minimisation procedure when applied to the total
functional described above in section 6.2.1, we mention two further examples of penalty
functionals which are suitable for this approach.

The first is applicable for positive semi-definite trial density-matrices. This requirement,
can be satisfied in practice by writing the density-kernel K in terms of an auxiliary matrix
T as K =TT (see section 4.4.2). Since the eigenvalues of such a density-matrix must be
non-negative, variation of the energy functional alone is sufficient to drive the occupation
numbers of unoccupied bands to zero, and the penalty functional need only impose the
occupation numbers of the occupied bands to lie close to unity. An appropriate penalty

functional is then
Pl = [dr[p(1=p)’) (01) = X £ (1= 1), (6.26)

and the corresponding energy correction is

all unocc
Bo~ Elpl - a3 (1-3F)(1- f)?+a Y (1-3F)(1- ). (6.27)
i i
Numerical investigation has shown that the occupation numbers of the unoccupied bands
do indeed become very small but positive when this scheme is used.
The second penalty functional is applicable only when no unoccupied bands are included
in the calculation. In this case, all of the occupation numbers should equal unity and so

an appropriate penalty functional is

Pl = [dr(1=p) (r,r) =3 (1= f)". (6.28)

2
The corresponding correction to the total energy in this case is
all

Ey =~ E[p| + 2« Z(l — fi)? (6.29)

Both of these penalty functionals have been tested, and the results are very similar to
those presented for the original functional in the previous section. These penalty function-

als are plotted in figure 6.9.
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Figure 6.9: Two further examples of analytic penalty functionals.

6.2.3 Minimisation efficiency

In this section we discuss the efficiency of the conjugate gradients algorithm to minimise the
total functional. We restrict the discussion to the penalty functional introduced in section
6.2.1. The total functional derived from this penalty functional appears to possess multiple
local minima since the penalty functional itself is minimal for all idempotent density-
matrices. However, most of these local minima do not correspond to density-matrices
obeying the correct normalisation constraint and are therefore eliminated by imposing
this constraint during the minimisation, as will be shown in chapter 7. Of the remaining
minima, only one corresponds to the situation in which the lowest bands are occupied, and
when the support functions are also varied, all other minima become unstable with respect
to this one (i.e. these are minima with respect to occupation number variations but not
orbital variations). Numerical investigations into this matter have been carried out and no
problems arising from multiple minima have been observed (the minimised total functional
has the same value independent of the starting point).

The efficiency with which the conjugate gradients scheme is able to minimise a function
is known to depend upon the condition number k, the ratio of the largest curvature to the
smallest curvature at the minimum. The condition number may be calculated exactly by
determining the Hessian matrix at the minimum, but may also be estimated as follows [153].

Consider the minimising density-matrix p expanded in terms of a set of orthonormal
orbitals {@;(r)}:

pr.r) = Y Fpi(r)a (). (6.30)
i
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Consider first perturbing the occupation numbers subject to the normalisation constraint
i.e. increasing the occupation of some orbital labelled JJ by z at the expense of another

orbital labelled I. The density-matrix becomes

p(r,x') = p(r, ') = 201 (r)@r (r') + 20, (1)@, (r') (6.31)

Defining Q = Q[p; o] and using the orthonormality of the orbitals,

Qlpie]l = Q+u(ey—&r)—ala{fi(1—=2f)(1— f1)+ f,(L=2f)(1— f)}
— 22%{1 - 3f;(1 — fr) = 3f;(1 — f))} —42*(1 — fr — f;) — 22" (6.32)

and the curvature at the minimum is

9*Qp; o
0x?

=4da [1 —=3fr(1 = fr) = 3f,(1 - fJ)] - (6.33)

=0

Assuming that p is approximately idempotent so that both f; and f; are either roughly

Zero or unity,
0°Qlp; o]

o ~ da (6.34)

2=0
i.e. to first order, the curvature is independent of the choice of orbitals I and J so that the
functional is spherical when this type of variation is considered, and the condition number
is approximately unity.

The second type of variation is a unitary transformation of the orbitals i.e. p;(r) =
(1—22?)@1(r)+2@,(r) and ¢, (r) = (1—522)@,(r) —2@(r), which maintains normalisation

of the density-matrix to O(x?). In this case

p(r,r) = p(r,e) +2(fr — f1)or(x)@s(x") + 2(fr — f1)@(x)@r(x)
+ 2(f;— fei(r)er(’) + 2*(fr — f1)es(r)gs(x') + O(*)  (6.35)

and similarly
Qlp;al = Q +2*(fr — f1) (e — &1) + O(2*) (6.36)

so that
0°Qlp; o

00 =2(fr = f)(es — &) (6.37)

x=0
The maximum curvature is thus obtained when f; ~ 1 and f; ~ 0 and equals 2(Zmax — Emin)

where £, and &, are the maximum and minimum energy eigenvalues of the orbitals
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{@i(r)}. The minimum curvature is obtained when f; ~ f; and is therefore

2(6f1 — 81,)(r — 5 = AT 28 (6.38)

where AZ is the minimum energy eigenvalue spacing. This curvature corresponds to unitary
changes confined within the occupied or unoccupied subspaces with no mixing between,
and the energy is indeed invariant under such changes. However, choosing to work with
localised functions essentially defines a particular unitary transformation for the wave-
functions, so that these variations are generally eliminated. If this is the case, then the
minimum curvature will then be obtained in the same way as the maximum curvature,
but seeking the minimum difference in energy eigenvalues between valence and conduction
bands, which is the band gap £,. The minimum curvature is thus 2¢, and the condition

number is given by

émax - gmin
= 6.39
o= T (639

This is an encouraging result, since the condition number is independent of the system-size.

The length of the error vector after & iterations, 7 is related to x by [154]

M (ﬁ_ly (6.40)

and the number of iterations required to converge to a given precision is therefore propor-
tional to y/k in the limit of large k, and so independent of system-size.

Reviewing the results for both types of variation, we note that the minimisation with
respect to occupation numbers (the first type) is very efficient, since k & 1, whereas the
minimisation with respect to orbitals is less efficient, depending upon the ratio of the total
width of the eigenvalue spectrum to the band gap. Preconditioning schemes to compress
the eigenvalue spectrum have been developed for use with plane-waves [81] and also with
B-splines [155], and a similar scheme for the spherical-wave basis functions would also
improve the rate of convergence. Nevertheless, we do not expect a significant change in the
number of conjugate gradient steps required to converge to the minimum as the system-
size increases. In practical implementations, discussed in chapter 7, these two types of
variation are not strictly separated, both the occupation numbers and the orbitals being
varied simultaneously, so that these results are hard to confirm numerically, although no
significant increase in the number of iterations required to converge to a given accuracy is

observed as the system-size increases.






Chapter 7
Computational implementation

In this chapter we describe how the corrected penalty functional method described in
section 6.2 has been implemented in a total energy computer code to perform linear-scaling
quantum-mechanical calculations on arbitrary systems.

As mentioned in section 4.6, the density-matrix is represented in the form

p(r,r') = ¢, (r)KO‘5¢g(r'). (7.1)

We refer to the contravariant quantity K®? as the density-kernel, and the covariant quanti-
ties {¢o(r)} are localised non-orthogonal support functions, which are themselves expanded

in terms of the spherical-wave basis-set of chapter 5:

¢Oé (I‘) = Z Cq(logn Xa,nlm(r)- (72)

nlm

We now proceed to express the total energy and penalty functional in terms of these
quantities, and also to calculate gradients with respect to the density-kernel and expansion
coefficients {c%"} We will also discuss the implementation of the normalisation constraint
and also how the convergence might be improved by the use of a preconditioning scheme

for the gradients.

7.1 Total energy and Hamiltonian

A quantity which is frequently required is the overlap matrix S,g defined by

Sap = [ dr g5(r)éa (). (7.3)

91
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The overlap matrix elements between the spherical-wave basis functions can be calculated

analytically (section 5.4), and are denoted S, pnem:gn/em Where

Sa,ném;ﬂ,n’ﬂ’m’ = <Xa,ném|X,3,n’é’m’> (74)

so that the overlap matrix elements are given by

Sas = D ' Samtmpem (s " (7.5)

nfm,n'l'm’

recalling that the support functions may be assumed real in the case of I'-point Brillouin

zone sampling.

7.1.1 Kinetic energy

The kinetic energy of the non-interacting Kohn-Sham system is given by

7=~ [ar [Violer)]_ = 27T, (7.6)

in which .
Tos =~ [ dr 6a(r)Vio5(r) (7.7)

are the matrix elements of the kinetic energy operator in the representation of the support
functions. Since all of the matrix elements between the spherical-wave basis functions can

be calculated analytically,

Tas= > G Tamtmpmem(s™ (7.8)

ném,n'l'm’

where 7 denotes matrix elements of the kinetic energy operator between spherical-wave

basis functions.

7.1.2 Hartree energy and potential

The Hartree and exchange-correlation terms are calculated by determining the electronic

density on a real-space grid n(r), and Fast Fourier Transforms (FFTs) are used to transform
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between real- and reciprocal-space! to obtain 7(G). The Hartree energy is then given by

1 Ca@n() 21 [A(G)P
Ey = —/d d - 3 7.9
H 2 ra |I‘ - I‘,| chll G0 G2 ( )

where (.o is the volume of the supercell and the (infinite) G = 0 term is omitted because
the system is charge neutral overall. This term is therefore cancelled by similar terms in

the ion-ion and electron-ion interaction energies. The Hartree potential in real-space is

given by
n(r')
Vir(r) = / ' (7.10)
but is calculated in reciprocal-space as
~ 4n(Q)
Wm(G) = ——= 7.11
n(G) NEE (7.11)

and then transformed back into real-space by a FFT.

7.1.3 Exchange-correlation energy and potential

Having calculated the electron density on the grid points, the exchange-correlation energy

is obtained by summing over those grid points
By = 6wy n(r)ege(n(r)) (7.12)

in the local density approximation. dw is the volume of the supercell divided by the number
of grid points. The exchange-correlation potential is similarly calculated at each grid point

) Vielr) = [% {nexc(m}] | (7.13)

n=n(r)

In practice, the values of e (n) and -L [nec(n)] are tabulated for various values of the

electronic density n and then interpolated during the calculation.

IThe conventions used here for discrete Fourier transforms are

i(G) =) n(r)exp(-iG-r) "(”:Qjeu

Zﬁ(G) exp(iG - r).
G
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7.1.4 Local pseudopotential

Like the Hartree potential, the local pseudopotential is also calculated in reciprocal-space

as
PS 10(3 Z ps 10(: G) (714)

where the summation is over ionic species s, 92, .(G) is the local pseudopotential for an

ps,loc

isolated ion of species s in reciprocal-space and $*(G) is the structure factor for species s
defined by
S*(G) =) exp[—iG -1} (7.15)

where the sum is over all ions a of species s with positions r]. We note that in general
the calculation of the structure factor is an O(N?) operation, but since it only has to
be calculated once for each atomic configuration, it is not a limiting factor of the overall
calculation at this stage. Within the quantum chemistry community, work on generalised
multipole expansions and new algorithms [156-162] has led to the development of methods
to calculate Coulomb interaction matrix elements which scale linearly with system-size.

The local pseudopotential energy can be calculated in reciprocal-space as

Eps,loc = /dr ‘/ps,loc(r)n(r)

= Z Z psloc G +ZN ps,core

G#0 s
— ZKQﬂVioc,ﬂa (7.16)
where E7 ... is the pseudopotential core energy, and N; = §°(G = 0) the number of ions

of species s. The matrix elements Vi, g are defined by

loc af — /dr ¢a ps loc( )¢ﬂ(r) (717)

The Hartree potential and local pseudopotential can be summed and then transformed
back together into real-space and added to the exchange-correlation potential to obtain
the local part of the Kohn-Sham potential in real-space.

We note that the FFT is not strictly an O(N) operation but an O(N log,, N) operation
(where m is some small number which depends upon the prime factors of the number of

grid points), but in practice (section 9.2) this scaling is not observed.
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7.1.5 Non-local pseudopotential

The non-local pseudopotential energy is given by
EosnL = /dr dr’ p(r, v )Vosnw(r', 1) = 2K Vit sa- (7.18)

The matrix elements of the non-local pseudopotential in the representation of the support
functions Vi, are calculated by summing over all ions whose cores overlap the support
regions of ¢, and ¢g, and using the method described in section 5.6.2 to calculate the
spherical-wave basis function matrix elements V, ,sm:snem analytically. The result is

therefore
Wias = 2. Gy Vamtmpem (™ (7.19)

nfm,n''m’
which is of exactly the same form as the kinetic energy, so that in practice the basis function
matrix elements for the kinetic energy and non-local pseudopotential are summed and the

two contributions to the energy combined.

7.2 Energy gradients

Having calculated the total energy, both the density-kernel K®? and the expansion coeffi-
cients for the localised orbitals {c?og”} are varied. Because of the non-orthogonality of the
support functions, it is necessary to take note of the tensor properties of the gradients [163],

as noted in section 4.6.

7.2.1 Density-kernel derivatives

The total energy depends upon K®# both explicitly and through the electronic density

n(r). We use the result
0K i
W — 5046,?3' (720)
Kinetic and pseudopotential energies

From equations 7.6, 7.16 and 7.18 we have that
Ekin,ps - TSJ + Eps,loc + Eps,NL - 2KZJ (T + Vioc + VNL)ji (721)

and therefore
8E'kin,ps

SFaB 2(T + Vioe + VL) ga- (7.22)
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Hartree and exchange-correlation energies

The sum of the Hartree and exchange-correlation energies, Fyy. depends only on the density
so that

8EHXC - 5EHXC 871(1‘)
gKB / I ) ok

The functional derivative of the Hartree-exchange-correlation energy with respect to the

(7.23)

electronic density is simply the sum of the Hartree and exchange-correlation potentials,

Vixe(r). The electronic density is given in terms of the density-kernel by

(r) = 26,(1) K76, (r (7:29)
so that we obtain on(r) ) 725,
oK 0 e
Finally, therefore
Ol = [ dr 95(e) Vi (£)00(x) = Vi (7.20)

Total energy

Defining the matrix elements of the Kohn-Sham Hamiltonian in the representation of the
support functions by
Ha,B = Taﬂ + Vch,a,B + Vioc,aﬂ + VNL,aﬂ (727)

the derivative of the total energy with respect to the density-kernel is simply

OE
DK

2Hp,. (7.28)

7.2.2 Support function derivatives

Again we can treat the kinetic and pseudopotential energies together, and the Hartree and

exchange-correlation energies together. We use the result that

9¢;(r)
Dl = 5% (r —1'). 7.29
56 oy = 00 =) (7.29)
Kinetic and pseudopotential energies
We define the kinetic energy operator T = —%VZ, whose matrix elements are

Ty, = / dr ¢;(r)T¢;(r). (7.30)



7. Computational implementation 97

Since the operator is Hermitian,

0T,

5%( = = 60T ¢;(r) + 69T ¢i(r). (7.31)
Therefore
T § i N oii 0T
o) = Zagatm T = 2KV
— 4KT¢g(r). (7.32)

The derivation for the pseudopotential energy is identical with the replacement of T by

the pseudopotential operator, and so the result for the sum of these energies is just

5Ekin,ps
dPa(r)

~

= 4Ka/8 (T + ps,tot) ¢5(I‘). (733)

Hartree and exchange-correlation energies

Again this gradient is derived by considering the change in the electronic density.

8n(r’) _ Gsip — Vo (1 (NS (r — VK@
S = 2 KI5 =205 (x) + 6,06 — ). (734

Therefore

0 Eixe , 0Fpy O , .\ on(r! B
5¢aH /d (H o :/dr Vie (1) )k Ve s (r) (7.35)

D
<
2
Ol

Total energy
The gradient of the total energy with respect to changes in the support functions is

OF
dda(r)

— 4K Hps(r) (7.36)

where H is the Kohn-Sham Hamiltonian which operates on ¢s(r).

7.3 Penalty functional and electron number

The penalty functional P[p| is defined by

/dr (1—p )(r,r)
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= /dr1dr2dr3d1‘4 P(I'la 1'2)/?(1'2, 1'3) [5(1'3, 1'4) - P(I'3, 1'4)] [5(1'4, 1'1) - P(I'4, 1'1)]
= KiijkK“Slm(é;;’l — K™ Spp) (07 — KP1S,;). (7.37)

The derivative with respect to the density-kernel is then

OP[p]

SRl = 255K S, (6F, — K*.S),0) (67 — 2K™"S,0). (7.38)

The penalty functional depends implicitly upon the support functions though the overlap

matrix:
651 _ s« o
Son(r) =~ O Oi(E) + 05 i(x) (7.39)
so that
55;[(/:']) = 4K S K7 (07 — SuK'™) (05, — 25, K™ ) s(r). (7.40)

For the sake of completeness, we now describe the expressions for the electron number and

its derivatives.

N=2 / dr p(r,r) = 2K7S,; (7.41)
ON
a7 = 2550 (7.42)
SN
= 2K s(r 7.43
o = 2Ky (7.4)

7.4 Physical interpretation

At this stage we examine the energy gradients derived in section 7.2. At the minimum of
the total functional Q[p; o],

Q[ p; o]
0K b

=0 =2Hs, + 20 [SKS(1 — KS)(1 - 2KS)],,. (7.44)

Making the Lowdin transformation of this gradient into the representation of a set of

orthonormal orbitals (using the results of section 4.6) yields

28 [H +aK (1 - K)(1 - 2K)] §>

I
o

(7.45)

which (pre- and post-multiplying by S_%) simplifies to

H+aK(1—-K)(1—-2K)=0. (7.46)
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This result shows that at the minimum, K and H can be diagonalised simultaneously, and
will therefore commute. The result of the variation of the density-kernel is to make the
density-matrix commute with the Hamiltonian in the representation of the current support
functions. Transforming to the diagonal frame by making a unitary transformation (the

eigenvalues of K being f; and those of H being g;) we obtain the following relationship:

For the derivative with respect to the support functions we have

0Q[p; a]

P6u(0) 0=4{K*H + a[KSK(1 - SK)(1 - 25K)]**} ¢4(r) (7.48)

which can again be transformed first into an orthonormal representation defined by the

Lowdin transformation:
Pa(r) = ¢3(r)Ss. (7.49)

to obtain

0Qlp;e] /d  0Qlp ] 0¢5(r') _ o3 0Qlpia]
69004(1‘) 6¢ﬂ I" a@a(r) o0 6¢),3( )
— 452K [ +aSK(1 - SK)(1 - 251()] S20y(r)

= 4[K{H+aK(1-K)(1- 212)}]a5 0s(r). (7.50)

Assuming that we have performed the minimisation with respect to the density-kernel for
the current support functions, transforming to the representation which simultaneously
diagonalises the Hamiltonian and density-matrix, by the unitary transformation v;(r) =
©a(r)Usi, yields

0Qlpsa] 1 0Q[pi 0]
0t);(r) “ 9pa(r)
= AUS {Hoj+ o [SK(1 - SK)(1 - 2SK)], } Unth(r)
= Afi[H+afi(1= £)(1 = 2f;)] vi(x) (7.51)

which is a Kohn-Sham-like equation, but where the energy eigenvalue £; does not explicitly
appear since no orthonormalisation constraint is explicitly applied. Using equation 7.47,

however, yields

dQp; o]

and so, at least for f; # 0, we see that the support function variations are equivalent to

=0=4f; [H - gi] Wi (r) (7.52)
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making the related wave-functions obey the Kohn-Sham equations. The factor of f; will
slow this convergence for unoccupied bands, since for f; ~ 0 the gradient is small. In the
next section (7.5) we therefore turn our attention to a potential method for eliminating

this problem.

7.5 Occupation number preconditioning

The eigenvalues of the Hessian at a stationary point determine the nature and shape of that
stationary point. Thus the shape of the ground-state minimum of an energy functional
is determined by the eigenvalues of that functional. For the Kohn-Sham scheme these
eigenvalues are the {g;} and the narrower the eigenvalue spectrum, the more “spherical”
the minimum, and the easier the functional is to minimise. From equation 4.9 we note
that when partial occupation numbers are introduced, the relevant eigenvalue spectrum
becomes { fie;}. When conduction bands are included in a calculation, their occupation
numbers will be vanishingly small near the ground-state minimum, which will therefore be
very aspherical, and convergence of these bands will become very slow. This problem has
been addressed in the study of metallic systems [164,165] by the method of preconditioning
which changes the metric of the parameter space to compress the eigenvalue spectrum and
make the minimum more spherical.

With reference to the results in appendix B, we introduce a metric, represented by the

matrix M, such that a new set of variables (denoted by a tilde) is introduced:
x=M-x (7.53)
and so that the new gradients are related to the old gradients by
g=M".g. (7.54)

In the new metric, the conjugate directions are defined (see appendix B) by

f)r—i—l - _gr+1+6rf)r (755)
G, = BB (7.56)
gr - 8r

where we have adopted the Fletcher-Reeves method (B.22) for calculating (.. The line
minimum is given by
Xr41 = Xy + Py (7.57)
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which can be rewritten in terms of the original variables as

M-x,.1 = M-x,.+ a,p-
=% = X +o,Mp,. (7.58)

This identifies M~! - p, as the set of preconditioned conjugate gradients for the original

variables in the original space. These directions {P,} are thus given by
Poo=M"'poi=-M"ga+/M"p=-M?>g+5P, (759
so that the gradients to be used for the preconditioned search are
G, =M7?-g, (7.60)
with mixing factor

B _ gri1° Erit _ 81 Mgy _ G181
! g g gr'M_Q'gr G, g

(7.61)

It is observed that defining . in terms of the preconditioned gradients alone does not

interfere with the minimisation procedure, so that in practice

N G’r+1 . G’r+1

61" = G, G, (762)

In order to apply this scheme here, we choose to make the metric M diagonal in the
representation of the Kohn-Sham orbitals. In the original variables {z;} (the subscript
i labels a component of a vector) the minimum can be expanded as ¥, fig;z? so that
the scaled variables {#;} defined by &; = mgyz; = \/fix; (where M;; = m;d;;) produce
the desired compression since in terms of the new variables, the minimum has the form
S, €47, In the representation of the Kohn-Sham orbitals, the gradient of the functional
Qlp; o] (7.52) becomes

Am) [fi{H = eif] ue) =4 [H = )] i(r) (7.63)

in which we see that the factor of f; in front of the H operator has been cancelled so that
the effect of the gradient is now the same on both occupied and unoccupied bands, and
these bands should now converge at the same rate.

We now transform the preconditioned gradient back to the support function represen-
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tation using

0Qlpsa] _ . 0Qlpia] (7.64)

dda(r) dh;(r)
where V = $73U from 4.78 and U is a unitary matrix. Thus the preconditioned gradient

we require is

Wi [H + afi(1 = £:)(1 = 2£)] vi(x) = 4 [S5 H + o (K(1 = SK)(1 = 28K))*] ¢s(r)
(7.65)
from the properties of the matrix V' (4.79, 4.80). We see that the gradient has thus been
pre-multiplied by the matrix (KS)~" i.e. in the support function representation, the metric
M is (KS)z.

Although the overlap matrix S is a sparse matrix for localised support functions, its
inverse S~! is not sparse in general, so that this scheme is not straightforward to implement.
For a sufficiently diagonally dominant overlap matrix, it is possible to approximate the
inverse in the following manner. We write S = D + E where D contains only the diagonal
elements of S and E contains the off-diagonal elements. D is thus trivial to diagonalise.
Writing S = D(1 4+ D 'E) we have S' = (1 + D 'E)"'D! and if S is diagonally
dominant, the elements of the matrix D 'E are small so that we can approximate the

inverse of the term in brackets. If the elements of a matrix M are small then

(1+M)™" = 1-M+ M- M +0O(M*)

= Z(—l)”]\/[”. (7.66)
n=0
When the first few terms of equation 7.66 are applied to the inverse overlap matrix we

obtain

S' = 1-D'E+D'ED'E—..)D!
= D'-D'ED'+D'EDT'ED™" — ... (7.67)

This expression could be used to obtain a good approximation to the inverse overlap matrix,
which may be sufficient for preconditioning, but there is the danger that, particularly
for large systems, the overlap matrix may become singular and the performance of the
algorithm would deteriorate. In the following section, however, we show that the correct

preconditioned gradient does not involve the inverse of the overlap matrix.
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7.6 Tensor properties of the gradients

We have already noted that it is important to take note of the tensor properties of quan-
tities when non-orthogonal functions are involved. In particular, the gradient of the scalar
functional with respect to the contravariant density-kernel is a covariant quantity which
should not be directly added to the contravariant density-kernel, but should first be con-
verted into contravariant form using the metric tensor S® = S ;. Thus the correct search

direction for the density-kernel variation is A%’ given by

;0Q[p; o

af ai JB
A S =S
= 25 [H+aSKS(1 - KS)(1-2KS)],; S;5
= 2(ST'HS V)ap + 20 [K(1 = SK)(1 — 2SK)] 4 - (7.68)

While the penalty functional derivative is simplified, the energy derivative picks up two
factors of the inverse overlap matrix, which, as in the case of occupation number precon-
ditioning, makes this difficult to implement. Neglecting this conversion of the covariant
gradient to its contravariant form corresponds to approximating the overlap matrix by
the identity. Thus the covariant gradient corresponds to taking the first term only in the
series expansion of the overlap matrix inverse in equation 7.66. Again, neglect of this cor-
rection may lead to a deterioration in the efficiency of the minimisation procedure as the
system-size increases.

We now consider the contravariant gradient of the functional with respect to the co-
variant support functions. This is a first-rank tensor quantity whereas the density-kernel

gradient is a second-rank tensor. The correct covariant gradient is thus d¢,(r) given by

) = 5,82
= 4Su [KTH + o[KSK(1 = SK)(1 - 25K)]7] ¢,(x)
= A(SK)S{H5} + a[SK(1 - SK)(1 - 2SK)]}} ¢,(x). (7.69)

The covariant preconditioned gradient in particular turns out to be
0a(r) = 4 {HOL + a[SK(1 - SK)(1 - 2SK)],’} ¢s(r) (7.70)

so that the factor of the inverse overlap matrix is now eliminated.
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7.7 Practical details

In this section we outline a number of details concerning the implementation of the penalty
method. These concern the derivatives of the functional with respect to the expansion
coefficients for the support functions {c?ﬂ"}, the imposition of the normalisation constraint

and the general outline of the scheme.

7.7.1 Expansion coefficient derivatives

The support functions are expanded in spherical-wave basis functions:

d)a(l‘) = Z ?371 X, nﬂm( ) (771)

nlm

For a functional of the support functions f[{¢,}], the derivative with respect to the ex-

pansion coefficients is

of{6al] _ > o (0:1106,

ey 0¢,(r)  Octs"
6 f[{da
> [ ar e )
- / dr 5f {%}] Xpumtm(1). (7.72)

For example, for the derivative of the total energy,

IE[p] ;
= 4K Hepg(r), 7.73
50 (r) 5(r) (7.73)
we obtain
oF .
[Ep] = 4Kﬂ7/dr X3,nem(t)H o, (1)
Ocls;" ’
= 4Kﬂ’y Z <Xﬂ n£m|H|X'y n’ﬂ’m’> ( g (774)
,n/el !

in which <X/3’ngm|_H|X%nlglm/> = Hg ntm:yn'em denotes the matrix element of the Kohn-Sham

Hamiltonian with respect to the spherical-wave basis functions.

7.7.2 Normalisation constraint

We choose to minimise the total functional whilst constraining the normalisation of the

density-matrix to the correct value. This is achieved firstly by projecting all gradients to
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be perpendicular to the gradient of the electron number, thus maintaining the electron
number to first order, and secondly by re-converging the electron number to its correct

value before each evaluation of the total functional.

Density-kernel variation

In section 7.3 the electron number gradient with respect to the density-kernel, which is

here denoted A, is given as
ON

oK B

The density-kernel along this search direction A is parameterised by A as

= 2550 = Aug. (7.75)

K(\) = K(0) + AA (7.76)

where K (0) denotes the initial density-matrix. The electron number, given by N =
2Tr(K S) thus behaves linearly:

N(\) = N(0)+2)\Tr(AS)
= N(0) + 4\Tr(S?) (7.77)

and it is a trivial matter to calculate the required value of A to return the electron number
to its correct value.
In general during the minimisation, the search direction is A, and again this search can

be parameterised by a single parameter A:
K(\) = K(0) + \A. (7.78)

We wish to project out from A that component which is parallel to A. The modified search
direction A can be written as
A=A—-wA. (7.79)

The variation of the electron number along this modified direction is
N(A) = N(0) + 2ATr(AS) — 2wATr(AS) (7.80)

and we wish the coefficient of the linear term in A to vanish, which defines the required

value of w to be
_ Tr(AS)  Tr(AS)

YT T(AS) T 2Tx(S?)

Since the electron number depends linearly upon the density-kernel, after this projection,

(7.81)
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the electron number is constant along the modified search direction, and the electron

number need not be corrected after a trial step is taken.

Support function variation

The electron number gradient with respect to the support functions is given in section 7.3
and denoted by {(*(r)}:

= Bha(r) = C*(r). .
oty = 2K () = () (7.82)

The support function variation is again parameterised by the parameter A:
Ga(r; N) = do(r; A = 0) + X(*(r) (7.83)
and this results in the following quadratic variation of the overlap matrix

Sas(\) = Sap(0) + Mea(A = 0)|¢7) + AM(Cds(A = 0)) + N*(C*I¢7)
Sas(0) + ASh5 + A2Sas (7.84)

which defines the matrices S’ and S”. The variation of the electron number is therefore

also quadratic
N(A) = N(0) + 2ATr(KS") + 2X*Tr(K S") (7.85)

and the roots of this expression can be found to correct the electron number.
We consider a general search direction for the localised functions denoted {£*(r)} and
modify this search direction to obtain the direction which maintains the electron number

to first order:

§%(r) = £%(r) — w(*(r). (7.86)

Now varying the localised functions according to
ba(r; A) = da(r; A = 0) + A (r) (7.87)
results in the following variation of the electron number:
N(A) = N(0) + 2ATr(KS") — 20wTr(KS") + O(\?) (7.88)

where 5‘(’1/3 = (o (A = 0)[€7) + X(€*|ds(X = 0)). Thus to maintain the electron number to

first order, we choose

W=t (7.89)
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In this case, the electron number is not constant along the search direction, but will still
vary quadratically, so that it is necessary to correct the density-matrix before evaluating

the total functional.

7.7.3 General outline of the scheme

The initialisation of the density-matrix is described in chapter 8. The functional min-
imisation consists of two nested loops. The inner loop consists of the minimisation with
respect to the density-kernel, while keeping the support functions constant. As shown in
section 7.4, this corresponds to making the density-matrix commute with the Hamiltonian
in the representation of the current support functions. The outer loop consists of the sup-
port function minimisations, which in section 7.4 were shown to correspond to solving the
Kohn-Sham equations. In general, we find that two or three cycles of the inner loop for
each cycle of the outer loop suffice, and this is demonstrated in figure 7.1 in which three

cycles of the inner loop appears to give the best performance to computational cost ratio.
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Figure 7.1: Rate of convergence for different numbers of inner cycles. In the legend,
DM, corresponds to n cycles of the inner loop for each iteration of the outer loop (hori-
zontal axis).
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The conjugate gradients scheme is used to determine the search directions from the
gradients, and these gradients are then projected perpendicular to the electron number
gradient as described in section 7.7.2. We approximate the total functional by a parabola
along the search direction, using the initial value of the functional, the first derivative of
the functional at the initial position (which is simply the scalar product of the steepest
descent and search directions) and the value of the functional at some trial position. The
value of the functional at the predicted minimum is then evaluated. If this value deviates
significantly from the value predicted by the quadratic fit, a cubic fit is constructed using
this new value of the functional. In general, this is only necessary for the first few steps,
and the parabolic fit is very good. In the case of the support function variation, the support
functions are altered to give the correct number of electrons before each evaluation of the
functional. The conjugate gradients procedure is reset after a finite number of steps, and
this is illustrated in figure 7.2 for the inner and outer loops. In both cases, we see that

there is little advantage in conjugating more than eight gradients before resetting.
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Figure 7.2: Performance of the conjugate gradients algorithm in the density-kernel
variation (left) and the support function variation (right).

Once the functional has been minimised, the correction to the total energy is calculated.
The whole calculation is generally repeated for a few different values of «a to ensure that

the corrected energy has indeed converged.



Chapter 8

Relating linear-scaling and

plane-wave methods

For a number of reasons, it is useful to be able to convert the Kohn-Sham orbitals generated
by traditional plane-wave codes into a set of support functions and a density-kernel which
can be used as input in a linear-scaling code. One such reason is the need for careful
density-matrix initialisation, discussed in section 8.3. For analysis it is also useful to be
able to perform the reverse operation of extracting the Kohn-Sham orbitals and occupation
numbers from the density-matrix. In this chapter we describe methods for performing both

of these operations.

8.1 Wave-functions from density-matrices

In the linear-scaling method, we have a density-matrix represented in the form

p(r,r') = da(r) K ¢(r"). (8.1)

First we represent the localised support functions by linear combinations of plane-waves.
For the analytic basis-set described in chapter 5 this is easily accomplished using equation
5.9 which gives the Fourier transform of the basis functions.

Having obtained an expansion for the support functions in a complete basis-set, it is
now possible to orthogonalise the support functions by means of the Lowdin transformation

to the set of orthonormal orbitals {¢,(r)} given by

Pa) = |65)Si - (8.2)
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Simultaneously transforming the matrix K into the matrix K by
K =S7KS? (8.3)
leaves the density-matrix invariant in the sense that

p(r,1') = Pa(r) K (") = pa(r) Kasps(r'). (8.4)

To obtain the Kohn-Sham orbitals and occupation numbers it is necessary to diagonalise
K. If this density-matrix is a ground-state density-matrix, then the density-operator and
Hamiltonian commute so that they have the same diagonal representation, and therefore
diagonalising K is equivalent to diagonalising H = S ~2HS~%. Thus the unitary transfor-
mation U which yields the occupation numbers f; = (UTKU); (no summation convention)
also yields the Kohn-Sham orbitals [1;) = |@a)U,i. This information can then be used in a
traditional plane-wave code, and this is the method which was used to check the analytic
results for the kinetic energy and non-local pseudopotential energy in chapter 5. The spa-
tial cut-off of the support regions in real-space leads to algebraically-decaying oscillatory
behaviour for large wave-vectors in reciprocal-space, so that a single basis function needs a
high plane-wave energy cut-off to accurately describe this truncation. However, for support
functions which decay smoothly to zero at the edge of the support region, the decay will be
much faster, and the plane-wave cut-off comparable to the cut-off for the basis functions

themselves.

8.2 Density-matrices from Kohn-Sham orbitals

This method is based upon work on the projection of plane-wave calculations onto atomic
orbitals [166], which has been used to analyse atomic basis-sets [167] and obtain local
atomic properties from the extended Kohn-Sham orbitals [168]. Here we review the

method, for the special case of a I'-point Brillouin zone sampling.

8.2.1 Projecting plane-wave eigenstates onto support functions

The plane-wave eigenstates are denoted |¢;) and the support functions are denoted |¢,).
The states obtained by projecting the plane-wave eigenstates onto the space spanned by
the support functions are denoted |€,). As in section 4.6 we also introduce the dual states
|¢p*) and |£*) with the properties outlined below.

Sap = <¢a|¢ﬁ> Yap = <5a|5ﬁ> (8'5)
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[6%) = 165) S 1€%) = 1€6) 2 5a (8.6)
(#°95) = (dal9”) = 02 (€°lgs) = (&al€®) = 02 (8.7)

The projection operator onto the subspace spanned by the support functions is defined by

= |0a)(6°] = I0a) S35 (5. (8.8)

A spilling parameter S can be defined to measure how much the subspace spanned by
the plane-wave eigenstates falls outside the subspace spanned by the support functions.
Minimising this quantity is one method of optimising the choice of support functions, and

is described for the case of the spherical-wave basis (chapter 5) in section 8.2.3.

1 ~
= E(@M(l - P)|77/}i> (8-9)

where N}, is the number of bands (labelled i) considered. The density-operator is then
defined by

occ

p=2_ 1) (& (8.10)
where the sum is taken over occupied bands only. Substitution of the results given above
then yields the following expression for the density-kernel:

K% = (@1pl¢”) = 3 Sox (Ol 255" (w116, S 5 (8.11)
ij

Defining the rectangular matrix L as

Lyi = (éalths) (8.12)

we give an expression for the matrix ¥ in terms of L and S:

Sap = (€al€s) = (Waldn)Six (Oaldu) Sin) (Dulths) = LS SauSiy Sup = (L1S™'L)agp
(8.13)
We can thus minimise the spilling parameter S to optimise our choice of support func-
tions, and then calculate K to obtain all of the information required to start a linear-scaling

calculation.
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8.2.2 Obtaining auxiliary matrices

In the case when the density-kernel K is expanded in terms of an auxiliary matrix 7" e.g.
in order to construct a positive semi-definite density-matrix, it is necessary to be able to

calculate the auxiliary matrix 7" which corresponds to a given density-kernel K by
K=TT" (8.14)
This can be achieved by minimising the function Z(7T') given by
I(T) = Tt [(K - TT")?] (8.15)

whose derivative with respect to T is

OL(T)
o0

= —4[T'(K - TT")] . (8.16)
This derivative vanishes at the minimum, and so we find that the matrix 7" which minimises
Z(T) is the desired auxiliary matrix (the solution 7" = 0 corresponds to a local maximum).
We therefore choose to minimise Z(7T') by the conjugate gradients method to obtain the

auxiliary matrix.

8.2.3 Optimising the support functions

As mentioned above, we can optimise our choice of support functions by minimising the
spilling parameter S. We describe this process here when the support functions are them-

selves described in terms of a localised basis:

|6a) = D cla) [Xamem)- (8.17)

nfm

The spilling parameter can be written in terms of the matrices L and S by:

1 . 1 o
S = FbWﬂ(l—P)Wﬁ:1—Fb<¢i|¢a><¢ |¢z>
_ oo Yov e o ppiet
=1 NbLmSa Lgi=1 NbTr[L S L] (8.18)

and we wish to obtain the gradients of S with respect to the expansion coefficients {c?fgn}

oS 1oLl | ;057! ¢ a1 OLg;
acilr — Ny | el Sy Li + Ly e L+ LS ocilr

(8.19)
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We obtain the derivative of the inverse matrix by differentiating S—1S =1 i.e.

0(S7'S)up 85*71 1053
=—29 S1—1= =0 8.20
ox o 17 T Py ox (8.20)
which can be rearranged to give
0S5 0S5
. Pt (8.21)

ox 7 Ox

Therefore (no summation over o)

oS 1 _ _ _
W = N [<¢i|Xa,nzm>5aleki - Ll’-jsjﬂl (080 {Xanem|dy) + (85| Xamnem)05y) Syt Liki
+L}Ljsj_a1 <Xa,n£m|7v/"i>]
2 boo—1 1 1
- _FbR‘e [Laﬂsﬂfy <X'y,nlm|¢6>s5e Lea - <wa|Xﬁ,nlm>S,37 L*ya] . (822)

In the case of the set of basis functions introduced in chapter 5, the overlap between plane-
wave eigenstates and localised basis functions, e.g. ()a|Xs.nem), can be calculated using the
expression for the basis function Fourier transform (5.9).

We can use these gradients to minimise the spilling parameter (by the conjugate gra-
dients method) to obtain the set of optimal coefficients {c?fgn} which define the set of
support functions which best span the space of the occupied plane-wave orbitals. The final
minimum spilling parameter value also gives an estimate of the quality of the basis-set

being used.

8.3 Density-matrix initialisation

Finally we discuss the subject of constructing an initial density-matrix for our calculations,
which is related to the other work in this chapter. Although any linear-scaling method will
obviously be more efficient than a traditional method for a sufficiently large system, the
cross-over (i.e. the system-size at which the linear-scaling method beats the traditional
method) may be very large. If it is larger than the largest system which can currently
be simulated by traditional methods, then there is obviously little practical use for such
a method. The methods described in this dissertation are not that inefficient, but neither
is the cross-over sufficiently small that some advantage cannot be obtained by using some
physical insight to assist the calculation e.g. by imposing appropriate symmetries (although
we must take care not to impose symmetries which subsequently prevent the method from

reaching the ground-state).
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For example, consider a vacancy in an otherwise perfect crystal. Running a traditional
calculation on the bulk crystal would allow us, using the methods in section 8.2, to obtain
the density-matrix elements for the bulk crystal which could be used to initialise the
density-matrix for a simulation of the large system with the vacancy. This would avoid
wasting computational effort converging the density-matrix from a random position when
the general form can be guessed from the bulk case.

A second example is that of a molecule interacting with a solid surface. In this case,
the density-matrix for molecule and surface could be converged separately to obtain an
estimate for the complete system. Obviously this method will be more successful the more
weakly bound the molecule is to the surface.

The transferability of localised orbitals between closely-related systems has been studied
in hydrocarbon chains [169] and methods have also been developed to calculate generalised
Wannier functions [170,171] which may also be transferred between systems [172].

One important consideration is that of local charge neutrality, often used as an approx-
imation to self-consistency in non-self-consistent tight-binding calculations [173]. Because
the density-matrix is truncated in real-space, long-wavelength fluctuations in the electronic
density are suppressed. This has the advantage that it prevents “charge-sloshing” instabil-
ities, so problematic in early traditional plane-wave methods on large systems. However, if
the system is not initially charge neutral locally, it takes a very large number of iterations
to transfer charge across the system, and this results in very poor convergence. We thus
need to at least consider initialising our density-matrix to correspond to isolated atoms
brought together, which are then allowed to interact and form bonds etc. This is simply
achieved using the projection method described here and leads to a great improvement in

performance.



Chapter 9
Results and discussion

In this chapter we present results obtained using the penalty functional method applied to
bulk crystalline silicon. We show how the energy converges as the two spatial cut-offs; the
support region radius and density-kernel cut-off, are increased and in particular that the
estimate of the energy is variational with respect to these parameters. We also consider
the difference in convergence of absolute energies and energy differences by calculating the
energy-volume curve and comparing with the results obtained from the CASTEP plane-
wave code [82] and from experiment. Finally we consider the scaling of the method with
system-size (confirming that it is indeed linear) and the scaling with support region radius

and density-kernel cut-off.

9.1 Bulk crystalline silicon

Calculations were performed for a cubic simulation cell containing 216 silicon atoms and
using pseudopotentials generated according to the method of Troullier and Martins [74].
The kinetic energy cut-off for the basis-set was set at 200 eV and the FFT grid contained
72 x 72 x 72 points. The basis-set contained spherical-waves with angular momentum
components up to £ = 2, and the support regions were chosen to be centred on the bonds,
with one support function per region, so that no unoccupied bands were included in this
calculation. The Brillouin zone was sampled using only the I'-point. A value of 100 eV

was used for the penalty functional prefactor a.

9.1.1 Convergence with density-matrix cut-off

In figure 9.1 we plot the total energy per atom against the support region radius r., for a
density-kernel cut-off rx of 4.0 A. In figure 9.2 we plot the total energy per atom against

the density-kernel cut-off rx for a support region radius r., of 3.1 A. In both cases, the
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Figure 9.1: Convergence of total energy with respect to support region radius.
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energy converges to its limiting value from above, as expected, since the total energy is
variational with respect to the density-matrix cut-off.

These results agree roughly with the calculations of Herndndez et al. [127]. In their
case, they used atom-centred support regions and included as many unoccupied bands as
occupied bands, so that the convergence with respect to density-matrix cut-off should be
more rapid in their case. They also used a local pseudopotential, which reduces the range
of the Hamiltonian. Our calculations suggest a combined density-matrix cut-off of the
order of 7.0 A to obtain the same accuracy as they obtained with a cut-off of about 6.0
A. We note that the band gap of silicon is relatively small (particularly within the LDA)
so that the density-matrix decay is therefore slow. This makes silicon a difficult test case,
and we can be confident that if we obtain reasonable results in this system, we shall be

successful in others.

9.1.2 Electronic density

Since the minimising density-matrix is only approximately idempotent, the electronic den-
sity derived from it is not the exact ground-state density. However, in figure 9.3 we plot
the electronic density in the (110) plane (containing the atoms highlighted in silver in fig-
ure 9.4) obtained from the minimising density-matrix with 7y = 3.1 Aand rg =6.0 A,
and observe that it is still qualitatively correct. Since electronic densities are used primar-
ily for visualisation purposes, rather than for quantitative analysis, the information most
commonly required can still be obtained from the minimising density-matrix.

In figure 9.5 we plot the electronic density obtained using the CASTEP plane-wave code
using the same pseudopotential and energy cut-off, and equivalent Brillouin zone sampling
(a 3 x 3 x 3 Monkhorst-Pack mesh for an 8-atom unit cell). We observe that there is less
density concentrated in the bonds for the CASTEP density compared with the linear-scaling
density, and this is to be expected since in the linear-scaling calculation, the lowest energy
(i.e. most bonding) orbital is over-occupied and the highest energy (i.e. least bonding)
orbital is under-occupied. In figure 9.6 we plot the difference obtained by subtracting the

CASTEP density from the linear-scaling density and confirm this observation.

9.1.3 Predictions of physical properties

The converged value of the total energy agrees with the CASTEP value (again with equiva-
lent energy cut-off, Brillouin zone sampling and pseudopotential) only within 3%. However,
if energy differences are caused by density-matrix variations which are short-ranged, then
they will be much better converged than absolute energies. In figure 9.7 we plot the total

energy against volume V. For a lattice parameter a = 5.430 A, which was used for the
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Figure 9.3: Electronic density of silicon in the (110) plane (units A=3).

Figure 9.4: Diamond structure of silicon, highlighting a {110} plane.
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Figure 9.5: Electronic density of silicon in the (110) plane calculated by the CASTEP
code (units A~3).
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Figure 9.6: Difference between electronic densities of silicon calculated by the linear-
scaling method and CASTEP (units A—3).
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calculations in section 9.1.1, we used values of r; = 3.10 A, rg =6.00 A and an energy
cut-off of 200 eV. As the volume V' was changed, the support region radius ry,, density-
kernel cut-off rx and energy cut-off E., were changed proportionally. The parameters

used are listed in table 9.1.

la/A|V /X | rg /A rk /A B / eV ]

5.31 | 149.72 3.03 5.87 209
5.35 | 153.13 3.05 5.91 206
5.39 | 156.59 3.08 5.96 203
5.43 | 160.10 3.10 6.00 200
5.47 | 163.67 3.12 6.04 197
5.51 | 167.28 3.15 6.09 194

Table 9.1: Parameters used to calculate energy-volume curve.

Fitting the data to the Birch-Murnaghan equation of state allows values for the equi-
librium volume V' and bulk modulus B to be calculated, which are compared with the
results obtained from a CASTEP calculation using the same pseudopotential and to experi-
ment [174] in table 9.2. Generally we expect to obtain lattice parameters to within 2% and
bulk moduli to within 10%. The bulk modulus is very sensitive to the data, so that whereas
the prediction of the lattice parameter is in excellent agreement with both the CASTEP and
experimental values, the value of the bulk modulus predicted by the linear-scaling method
is about 8% too large. These results indicate that the linear-scaling calculation is not quite

fully converged with the set of parameters used, but are very encouraging overall.

‘ Calculation H Linear-scaling ‘ CASTEP ‘ Experiment

a/ A 5.423 5.390 5.430
vV /A3 159.47 156.56 160.10
B / GPa 108.8 101.7 100.0

Table 9.2: Comparison of calculated and experimental data for silicon.

9.2 Scaling

In this section we consider the scaling of the method, firstly with respect to the system-
size, and secondly with respect to the localisation region radius r.., and the density-kernel

cut-off rx.
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Figure 9.7: Energy-volume curve for silicon. The line is the best fit to the Birch-
Murnaghan equation of state.

9.2.1 System-size scaling

As mentioned in chapter 7, there are several steps in the calculation which are not strictly
O(N), such as the calculation of the structure factor, the calculation of the ion-ion inter-
action energy (by Ewald’s method [175-178]) and possibly the calculation of the energy
correction. All of these operations need only be performed once for each ionic configura-
tion, and so do not contribute significantly to the total computational effort. However,
there are a number of FFTs within the method which require an effort which scales as
O(N log,, N). To verify that these operations do not spoil the linear-scaling of the rest of
the method, we plot the CPU time required per iteration in figure 9.8 and see that it is

indeed linear with respect to system-size as required.

9.2.2 Scaling with density-matrix cut-off

We now consider the scaling with respect to the density-matrix cut-off r.,; which in practice

is defined by two parameters; the support region radius 7., and the density-kernel cut-off
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Figure 9.8: Variation of computational effort with system-size.

ri. Two spherical support regions will overlap if the sum of their radii exceeds the distance
between their centres. We assume that all support regions have the same radius 7., and
thus the number of support regions which overlap a particular region equals the number
of region centres lying within a sphere of radius 2r.,. For bulk solids this number will
be proportional to the volume of the sphere i.e. proportional to rfeg. Table 9.3 allows the

precise number of overlaps to be determined for the case of atom-centred support regions

in several common crystal structures. In the sparse overlap matrix, the number of non-zero

3
reg-

multiplication, the computational effort scales quadratically with the number of non-zero

elements in each row or column is therefore also proportional to r For sparse matrix
elements per row (and linearly with the rank) so that we expect the method to scale with
the sixth power of the support region radius i.e. tcomp rfeg. This is often referred to as
quadratic scaling with respect to the support region size (i.e. volume).

The argument follows in precisely the same manner for the density-kernel cut-off, re-
placing 2r., by rx. In general, as observed in section 9.1.1, rg ~ 27, when the energy
is converged with respect to both parameters, so that the overlap matrix and density-
kernel will generally share similar sparse structure. In bulk crystals, we thus expect the

computational effort to scale with the sixth power of the density-matrix cut-off rq i.e.

6
Leomp X Toyt-
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In certain systems, however, this scaling may be different. For example, in long linear
molecules e.g. hydrocarbon chains, which have an essentially one-dimensional structure,
each support region will overlap a number of others which scales only linearly with the

radius. In this case teomp o 72, and this suggests that these linear-scaling methods may

cut»

be more suited to studying molecular rather than crystalline systems.
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‘ Shell H # atoms ‘ Radius /a ‘ Diamond ‘ FCC ‘ BCC ‘ Simple ‘

1 4 0.43301
2 12 0.70711 ° °
3 8 0.86603 °
4 12 0.82916 .
5 6 1.00000 ° ° ° °
6 12 1.08972 °
7 24 1.22474 ° °
8 16 1.29904 .
9 12 1.41421 ° ° ° °
10 24 1.47902 .
11 24 1.58114 ° °
12 12 1.63936 °
13 24 1.65831 °
14 8 1.73205 ° ° ° °
15 24 1.78536 .
16 48 1.87083 ° °
17 36 1.92029 .
18 6 2.00000 ° ° ° °
19 12 2.04634 °
20 36 2.12132 ° °
21 28 2.16506 °
22 24 2.17945 ]
23 24 2.23607 ° ° ° °
24 36 2.27761 .
25 24 2.34521 ° °
26 24 2.38485 °
27 24 2.44949 ° ° ° °
28 36 2.48747 °
29 72 2.54951 ° °
30 36 2.58602 .
31 32 2.59808 ]
32 24 2.68095 ° °
33 48 2.73861 °
34 24 2.77263 ° °

Table 9.3: Table showing the number of atoms lying within support regions of varying
radii centred on atoms for some common cubic crystal structures.




Chapter 10

Conclusions

10.1 Summary

In this dissertation I have attempted to explain the motivation for performing computa-
tional quantum-mechanical simulations and to describe the major difficulties encountered
when one attempts to do so. The progress made so far by the introduction of density-
functional theory, incorporating a local density approximation for exchange and correla-
tion and the use of pseudopotentials already allows these calculations to be performed on
systems which are of interest to scientists working in a variety of fields today. However, the
scope of these calculations is limited by the unfavourable scaling of computational effort
and resources required. Methods which exhibit optimal scaling, that is scale in the same
way as the complexity of the problem to be solved, offer the prospect of extending the range
of accessible scales much further, and will also take full advantage of future improvements
in computer technology.

The work in this dissertation is based upon the density-matrix formulation of density-
functional theory, which avoids the necessity of dealing directly with the extended wave-
functions (which resulted in the unfavourable cubic scaling) and leads naturally to a linear-
scaling method.

The spherical-wave basis-set proposed in chapter 5 provides a solution to the prob-
lem of representing the density-matrix in real-space while maintaining the accuracy of the
kinetic energy (which is naturally calculated in reciprocal-space) and also efficiently calcu-
lating the action of the non-local pseudopotential. The analytic results derived have been
implemented within the scheme described in chapters 6 and 7.

Secondly, methods to impose the non-linear idempotency constraint by the use of
penalty functionals have been described. The failure of the original proposals by Kohn in

computational implementations are shown to be due to the functional form of the penalty
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functional which must be chosen to obtain a variational principle. An original scheme
has been proposed in which penalty functionals are chosen to be compatible with efficient
minimisation algorithms and to approximately impose the idempotency constraint. The
resulting errors in the total energy are corrected by considering the functional form of the
penalty functional, so that accurate estimates of the true ground-state energy can be made.

Thirdly the relationship between traditional plane-wave methods based upon the Kohn-
Sham wave-functions and density-matrix based schemes are discussed. We show how it is
possible to interchange information about the electronic structure of the system between
these two methods, and in particular apply this to the problem of obtaining initial density-
matrices for use in linear-scaling calculations.

The results in chapters 5 and 6 have all been implemented in a total energy code, which
has been tested on bulk crystalline silicon. The convergence of the energy with respect to
support region radius and density-kernel cut-off has been examined. Predictions of some
physical properties of bulk silicon are then compared with experimental values and results
from the O(N?) CASTEP plane-wave code. Finally, the scaling of the method with system-
size is confirmed to be linear, and the scaling with respect to support region radius and

density-kernel cut-off discussed.

10.2 Further work

Starting from the underlying quantum-mechanical theory, in this dissertation an original
scheme to perform linear-scaling total energy calculations based upon the density-matrix
and using a new basis-set has been outlined and its computational implementation dis-
cussed. The results obtained are very promising, but there is still much work to be done
in developing and optimising the scheme e.g. the occupation number preconditioning out-
lined in section 7.5. One of the most computationally expensive steps is currently the
evaluation of the electronic density on the real-space grid. By choosing to minimise the
non-interacting Kohn-Sham energy non-self-consistently rather than the interacting energy
self-consistently the number of times this evaluation has to be performed can be greatly
reduced. Self-consistency can then be obtained by density mixing [179,180] . The problem
of “charge-sloshing” which can arise in this case in traditional methods appears not to be
present when localised functions are used, and can anyway be eliminated [83,181].

Once an efficient electronic minimisation scheme is in place, the next step is to calculate
ionic forces in order to perform ionic relaxation or even molecular dynamics. First it is
worth noting that there are of O(N) ions in the system, and the computational effort
to calculate the force on each (from the local pseudopotential) is also of O(N) so that

a computational effort of O(N?) is necessary to calculate all the forces. Secondly, the
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typical time-scale of molecular dynamics required by a system of volume V is 7 Vi so
that this introduces an extra factor of O(N3) in the computational effort. The Hellmann-
Feynman forces [182,183] resulting from the derivative of the Hamiltonian with respect to
the ionic positions have a contribution from the local pseudopotential (which is calculated
using the reciprocal-space grid) and the non-local pseudopotential (which is calculated by
taking analytic derivatives of the results for the non-local pseudopotential matrix elements).
These forces have in fact been calculated and tested using the spherical-wave basis-set.
However, because the support regions move with the ions, other contributions known as
Pulay forces [184] arise which must be calculated. Since the correction to the energy
derived from the penalty functional can be expressed analytically, it should be possible to
calculate accurate forces which are consistent with the corrected energy.

Given the expected improvement in efficiency of the method when applied to molecular
rather than crystalline systems (section 9.2.2), serious consideration should be given to
converting the code to perform calculations on clusters, rather than using the supercell
approximation. This would have the added advantage of eliminating the O(N?) step to
calculate the structure factor and the calculation of the ion-ion interaction energy (although
still an O(N?) step) would also become much cheaper.

In the long term it is essential that advantage be taken of the natural way in which
linear-scaling methods based in real-space can be separated into simultaneous calculation of
interacting fragments. This property means that the problem lends itself to implementation
on massively parallel computers [185]. Even with the serial code on a single workstation it
has been possible to model 512 silicon atoms, and there exist parallel computers consisting
of a few hundred nodes each with the same power, so that in principle calculations of
100000 atoms are feasible. The development of schemes which will exploit the advantages

of parallel processing is therefore essential to reap the full benefit of linear-scaling methods.






Appendix A

Bessel function identities

In this appendix we list some standard results used in the analysis of chapter 5 [186].

e () = (o) — ) (A1)
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Appendix B

Conjugate gradients

In order to find the minimum of some function f(x), it is of course necessary to solve the
equation V f(x) = 0, but this is not possible in practice. Rather, V f(x) is used as a search
direction in the multi-dimensional parameter-space of vectors x to minimise the function
iteratively. One way to do this is to move along these directions of steepest descent, finding
the minimum along each one and then calculating a new direction from that minimum
until we find the ground-state. The minimum along a certain direction (the line minimum)
is found when the direction along which we are searching becomes perpendicular to the
gradient. Thus if we use this method of steepest descents, consecutive search directions
are always perpendicular, and it is clear that this is inefficient since we are only using the
current steepest descent direction and throwing away all previous knowledge which could
be used to build up a more accurate picture of the functional we are trying to minimise.
In fact, the steepest descents method is only efficient when the minimum is “spherical” i.e.
when the eigenvalues of the Hessian are all of the same order. If this is not the case, then
the method is very slow, and is not guaranteed to converge to the minimum in a finite
number of steps. A particularly bad case is that of the “narrow valley” illustrated in figure
B.1.

By contrast, the method of conjugate gradients [187] takes information from previous
steps into account, but only requires that the previous search direction (rather than all
previous search directions as might be expected) be stored. For a full description see [188].
We consider a general quadratic scalar function of a number of variables, written as a

vector x:

f(x)=3x-G-x—b-x (B.1)

in which G is a positive definite symmetric matrix (so that the function has a single global
minimum) and b is some constant vector. We denote the line minima (i.e. the points at

which the search direction changes) by the set of points {x,} and the gradients at those
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=

Figure B.1: Steepest descents method — a large number of steps is required to find the
minimum.

points are {g,}
g =Vf(x)=G % —b. (B.2)

We label the search directions {p,}. In the steepest descents method, p, = —g, and we
move along this direction an amount described by the parameter a, until at the end (at

X,41) the search direction is perpendicular to the gradient g, ;:

Xr+1 = X, + QrPr = X — Olrgr (B3)

gr+1Pr = —8r41 8 = 0 (B'4)

which proves that consecutive search directions are always mutually perpendicular in this

method. Now, for f(x) defined by equation B.1 we have
g — 8s = G- (Xr - Xs)- (B5)

The minimum of f(x) along the direction p, is at x,.; = X, + @, p, and is still given by

condition (B.4), so that «, is given by

Pr - g
o = ————— B.6
pr'g'pr ( )

and using (B.5) with s = r + 1 we obtain

gr+1 = 8r + arg ' Pr. (B7)

A set of search directions {p,} are said to be conjugate directions (with respect to G)
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if they satisfy the condition
pr'g'pszoa 7’7&3_ (BS)

These directions are linearly independent which can be proved by reductio ad absurdum:
assume the directions are linearly dependent i.e. there is a set of numbers {);}, not all
vanishing, for which Y, \;p; = 0. But operating on both sides by G and taking the scalar
product with p; implies A\;p; - G - p; = 0 for all j by (B.8), and p; - G - p; # 0 since G is
positive definite, and so we obtain the contradiction that A\; = 0 for all j.

We can construct a set of these directions from a set of linearly dependent directions

{u,} using a procedure analogous to Gram-Schmidt orthogonalisation i.e.

Pr = W
Pry1 = UWpp1 + Z ﬁi(r)Pi (B.9)
i=1
where G
r Upyq* *Pi
ﬂi( ) Tt IR B.10
pi-G - pi ( )

which we prove by induction. Assuming that we have r conjugate directions obeying (B.8)

and construct p,,; according to (B.9) then

r
ur—l—l'g‘pi
Ps'G - Pr+1 = Ps-G Wi — ) ————DPs-G-pi
: AP Phvery
u+1.g.p
= PG m TR G0 (B

for s < r+ 1, since G is symmetric. Now p; and po are trivially verified to be conjugate
directions and so the proof is complete.

It follows that any other vector may be written as a combination of these conjugate
directions, in particular the vector from the initial point x; to the minimum x* in an

n-dimensional space is

n

*

x*—x; = Y apr
r=1

pr- G- (x* —x)
pr'g'pr

_ __Pr& (B.12)

pr'g'pr

from equation B.2 and the fact that the gradient vanishes at the minimum i.e. g* =

G-x*—b = 0. We note therefore that x* can be reached in k < n steps from x; where the
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r-th step is given by
X411 = X, + a,p; (B.13)

with «, given by (B.12). Applying (B.5) to

r—1
X, =X+ Z ;Pi, (B.14)
i=1
we obtain .
i=1

When the scalar product with p, is taken this gives p, - g1 = p» - . The expressions
(B.6) and (B.12) are identical and so the steps from x; to x* proceed via points which are
minima along each search direction. Taking the scalar product of (B.15) with py (s < r)

instead we obtain

ps'gr:ps'g1+a5ps'g'ps:0 (B16)

from equation B.12. Thus g, is perpendicular to all previous search directions so that
each point x,,; is actually a minimum with respect to the whole subspace spanned by
{pP1,pP2...p-} i.e. we can consider each step as removing one dimension of the space from
the problem, so that the minimum of a quadratic function must always be found in a
number of steps less than or equal to the dimensionality of the space.

The method of conjugate gradients uses such a set of conjugate directions {p,} based
upon the steepest descent directions {—g,} at successive points. For this to be valid, we
must show that the gradients are linearly independent. They are in fact orthogonal, which
can be proved by induction. Starting with p; = —g; then from the minimum condition
(B.4) we have g - p1 = —g» - g1 = 0 so that the first two gradients are orthogonal. Then
assuming that we have a set of r orthogonal gradients, and conjugate directions obtained
from them by (B.9). Using (B.16) we have g, -ps = 0 for s < r. But py is given by (B.9)

as

s—1
ps = —g + > A (B.17)
=1
so that
s—1 (s—1)
8r+1°8s = —8r+1°Ps T Zﬂz gr+1 " Pi = 0 (B18)
i—=1

and g, is orthogonal to all the previous gradients and the proof is complete: the gradients
are all mutually orthogonal and thus linearly independent so that they can be used to

construct conjugate directions: the conjugate gradients.
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In this case, equation B.9 becomes

r gr+1'g'pi
JCIQ R ) B.19
pi-G-pi ( )

which using (B.7) can be rewritten

, 1
(Pi -G - pi)ﬂi( = Egrﬂ : (gi+1 - gi) (B-QO)

so that by the orthogonality of the gradients, BZ-(T) = ( for ¢ < r and the only non-vanishing

coefficient is 3("):

g = _7&;:2‘“ (B.21)
r r
— ngl :§T+1 (B22)

by (B.16) and (B.9).

Thus the method involves starting by searching along the direction of steepest descent,
finding the minimum point along each direction and then calculating a new search direction
from the new gradient and previous search direction p,;1 = —g,.1 + 3,p, where (3, = ﬂﬁ’")
is calculated from either of the expressions in (B.21, B.22) (which will differ for a general

function) or from

/87- — gT+1 . (gf‘-l-l - gT‘) (B23)
Pr - (81— &)

as suggested by Polak [189].
The minimum of the two-dimensional narrow valley, so problematic for the steepest

descents method, is now found in just two steps by the conjugate gradients method (figure
B.2).

Figure B.2: Conjugate gradients method — only two steps are required to find the
minimum.
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