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Abstract

A finite temperature version of "exact-exchange” density functional theory (EXX) has been im-
plemented in Sandia’s Socorro code. The method uses the optimized effective potential (OEP)
formalism and an efficient gradient-based iterative minimization of the energy. The derivation of
the gradient is based on the density matrix, simplifying the extension to finite temperatures. A
stand-alone all-electron exact-exchange capability has been developed for testing exact exchange
and compatible correlation functionals on small systems. Calculations of eigenvalues for the he-
lium atom, beryllium atom, and the hydrogen molecule are reported, showing excellent agreement
with highly converged quantum Monte Carlo calculations. Several approaches to the generation of
pseudopotentials for use in EXX calculations have been examined and are discussed. The difficult
problem of finding a correlation functional compatible with EXX has been studied and some initial
findings are reported.
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Chapter 1

| ntroduction and Motivation

An integral component of the High Energy Density Science (HEDS) work done at Sandia is the
use of advanced modeling codes such as ALEGRA to simulate the complex evolution of materi-
als through solid, liquid, vapor, and plasma phases in HEDS experiments. These codes require
accurate equation-of-state (EOS), conductivity, and opacity models if high-fidelity results are to
be obtained. A particularly difficult region to characterize is the “warm dense matter” regime
that extends from near solid conditions into the vapor dome and temperatures up to several eV.
This region of phase space includes the molecular-to-atomic dissociation phase for dense hydro-
gen and its isotopes, and the metal-insulator transition for liquid metals. In recent years, much
progress has been made in the understanding and accurate modeling of these regimes through the
use of quantum molecular dynamics based on finite temperature density-functional theory (FT-
DFT), which enables the calculation of manifestly consistent EOS, conductivities, and low-energy
opacities [1, 2, 3, 4]. Although the application of density functional methods to high energy den-
sity science is rather new, DFT is a powerful and commonly used tool in Material Science and
Technology (MS&T) research. Applications include surface science, the properties of water, the
study of defects in materials, insulators, complex materials, optical ceramics, and oxides.

The commonly used DFT codes of today employ relatively simple but efficient, explicit function-
als of the density, categorized as local density or generalized gradient approximations (LDA and
GGA), respectively. These functionals have proven to give quite accurate results for many prop-
erties of interest. However, as numerical methods have evolved, and large systems and complex
problems have been studied with high precision, the deficiencies of these functionals have become
the limiting factor to needed improvements in accuracy. It is well-known that LDA and GGA
functionals typically underestimate the energy gap between occupied (valence) and unoccupied
(conduction) bands by 1 to 2 eV, shifting behavior more towards a metal and underestimating met-
allization densities and pressures. In HEDS applications, when the temperature is comparable to or
smaller than the gap, the conductivity and the low-energy opacities will be significantly increased.
In these HEDS applications it is often the case that the temperature is high enough to thermally
populate many of the conduction bands, and therefore corrections to the band gap have a corre-
sponding effect on the pressure and energy, as well as the conductivity and optical properties. The
only way to self-consistently improve calculations where the erroneous gap influences the results
is to develop and use an improved functional. Improvements to the accuracy of the exchange func-
tional will provide a significantly enhanced tool for MS&T research as well. For example, since
defect formation energies and charges depend on the position of defect levels in the gap, improve-
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ment in band gaps will help in identifying defects and pradgctdefect populations, kinetics, and
properties during growth and processing, and following radiation damage in materials of interest
to Sandia (e.g., alumina).

Accordingly, we have developed and implemented a much more advanced treatment of the exchange-
correlation functional into Sandia’s state-of-the art plane-wave DFT computational framework, So-
corro. This approach centers on using the known exact expression for exchange in the functional.
The exact expression is a highly non-local, implicit functional of the density (an explicit functional

of the Kohn-Sham orbitals). Doing this leaves the evaluation of the smaller correlation contribution

as the only remaining approximation. Several groups have already performed small-scale investi-
gations of this sort. Use of exact exchange (EXX) is found to essentially solve the band gap and
metallization problems. It remains an important and challenging problem to combine EXX-DFT
with molecular dynamics for systems of several tens to hundreds of atoms, but the potential return

is broadly important and should have enduring impact in computational material science.
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Chapter 2

M athematics of the optimized effective
potential (OEP)

Introduction

The Kohn-Sham Density Functional Theory (DFT) [5] has become one of the most powerful tools
for understanding and predicting the properties of materials. DFT has been applied to an ever
increasing number of different types of systems and phenomena, and the results have frequently
been remarkably useful. Nevertheless, the accuracy of the results remains an important issue for
many potential applications of DFT. The main source of error in DFT calculations is the use of
an approximate expression for the exchange-correlation enéxgy, Such an approximation is
necessary for practical calculations, but improving the quality of the approximation, and hence,
the accuracy of the calculations, is of great interest. Conventional variants of DFT, such as LDA
and GGA, takeExc to be an explicit functional of the electronic density. Since the noninter-
acting Kohn-Sham orbitals are implicit functionals of the electronic density [6], expressions for
Exc that explicitly depend on the Kohn-Sham orbitals are also consistent with the DFT frame-
work. An important example of such a functional is the functional used in the exact-exchange
approximation[7, 8, 9, 10, 11, 12, 13]. An explicit dependence on the orbitals allows approximate
Exc expressions to capture physical behaviors of the exact Kohn-&karthat can not be practi-

cally incorporated in an expression that is an explicit function of only the electronic density. One
example is the absence of self-interaction in the exact Kohn-Sham energy. Another example is the
complex, non-local behavior of the exact exchange energy.

The difficulty in using arExc expression that is explicitly dependent on the orbitals is that it is
impossible to straightforwardly take the functional derivativ&gg with respect to the electronic
density. Therefore, standard self-consistent methods of minimizing the energy with respect to the
density can not be used. The solution to this problem is provided by the Optimized Effective
Potential (OEP) formalism. Since the energy is a functional of the Kohn-Sham orbitals, and the
orbitals are solutions of the Kohn-Sham equation for some local potential, the energy can be viewed
as a functional of the potential. The OEP is defined to be the potential that minimizes the energy.
This minimization with respect to the potential is equivalent to the usual minimization with respect
to the density. Traditionally, the OEP has been calculated by solving the OEP integral equation,
in which the gradient of the energy with respect to the potential is set to zero [7, 8, 9, 11], or by
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directly evaluating and inverting a response function [10,183].

Two recent papers have proposed calculation of the OEP by means of an iterative minimization of
the energy [14, 15]. Hyman, Stiles, and Zangwill used Lagrange multiplier methods to derive an
expression for the gradient of the energy with respect to the potential and proposed using this gra-
dient to minimize the energy iteratively. Kummel and Perdew derived a nearly identical expression
and, although they did not claim that this expression gives the gradient, they noted that it provides
a good update to the potential during an iterative minimization. In this paper, we present a new
derivation of the gradient based on the density matrix. Our work goes beyond the previous papers
in the following ways: (1) We believe that our derivation is particularly transparent, and therefore,

it demonstrates that this expression is, in fact, the correct gradient. (2) The previous work assumed
a negligible electronic temperature. Since our derivation is based on the density matrix, it is easily
extended to finite temperatures, where the orbitals are partially occupied.

One of the most exciting recent applications of DFT has been high energy density physics. In
this application, electronic temperatures that are substantial compared to the band gaps of typical
semiconductors are common. This makes the results sensitive to the band gap, which is too smallin
the standard versions of DFT. Therefore, the capability of performing calculations with advanced
functionals that have explicit dependence on the orbitals at non-zero temperature is particularly
exciting for high energy density physics applications.

As an alternative to iterative minimization of the energy using the gradient, it is possible, in prin-
ciple, to find the OEP by solving the equation in which the gradient is set to zero. Therefore, our
work provides the finite temperature equivalent of the standard OEP equation, giving the correct
necessary condition for local optimality.

In this article, we derive the OEP method in a finite temperature regime by considering the pertur-
bation of the density matrix resulting from a perturbed Hamiltonian. The gradient will reduce to a
combination of orbital shifts as one sees in the zero temperature limit plus some corrections which
come from the finite temperature. In section 2, we begin with a mathematical discussion of the
perturbation theory of analytic functions of Hermitian operators. After a short review of density
functional theory, we apply the results of Section 2 to the density matviewed as a function of

the Kohn-Sham HamiltoniaH, and thereby derive a finite temperature OEP equation in terms of

H andp. This motivates the subsequent section, which describes the gradient expressiotaln

form. We conclude with some computational results demonstrating the accuracy of the method. A
more streamlined version of these results with alternative derivations of some of the expressions
has been published recently [16].

The perturbation theory of matrix-analytic functions

Let f(x) be an analytic function of and f (A) be the extension of to a matrix-analytic function
(see [17], chapter 6) on some algebra of Hermitian operators with a finite (or countable) spectrum.
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Thus,

A f(A)] = Af(A) - f(A)A=0 (2.1)
o= fa) (2.2)

where theg; are the eigenvalues éfand thef; are the eigenvalues ¢fA).

For an unconstrained variatidn— A+ dA the variations of (2.1) and (2.2) are

[6A, T(A)] +[A,5F(A)] = 0 (2.3)
5t = f'(a)da. (2.4)

In a basis wherd is diagonal & = A, f(a)) = [f(A)];), (2.3) and (2.4) become,

(& —a) BT (A = (f(a)— f(a)oA, (2.5)
SIFAL = F(@)oA. (2.6)

Thus (2.3) and (2.4) appear to be sufficient to determifi@) in terms ofA, dA.

We may, somewhat informally, write the result as one equation

e @7)

where it is understood that we tre&%@ as adivided differencetaking the limit as; — a;.

A more rigorous proof of these results can be made in the following theorem, which also makes
clear what happens in the presence of a repeated eigenvalue.

Theorem 2.0.1 The expansion of(A+ 0A) — f(A) = 6 f(A) to first order indA is given by

SHA),; = jim 1@ 8) = (@) 5

£—0 a| — aj + &
where the matrix elements are taken in an basis in which A is diagonal.

Proof: Sincef is analytic, it suffices to prove this theorem fioix) = x* and extend by linearity.

5f(x) = 5 ATSAA"
m+n=k—1
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in a diagonal basis,

[0f()i; = > aj"a] oA
m+n=k—1
= > lim(ai+&)"a] oA
mii=k-150
(a+e)k—a
im-————
e—0 (& +€) —qj

and the summation is interchanged with the limit. []

Note that one could clearly obtain higher order derivativeterms of higher order divided differ-
ences via the same approach. To simplify forthcoming derivations, westnaind limits, with the

understanding that appropriate limits are to be taken for divided differences of theljﬁ%ﬁj,ﬂ\@.

We may interpret (2.7) as the equation which specifies the action ofabebian 9TA) on an

aA
arbitrary Hermitian operator of the mappirig

Practical application of the Jacobian

An A-diagonalizing basis might not be a convenient means to compute the application of the Jaco-
bian to an arbitrary variation. We present here a short digression on how such computations can be
carried out iteratively, without diagonalizirfy

We will be interested in applications of linear operators to Hermitian (or anti-Hermitian) matrices.
To avoid some of the confusion entailedaperators of operatordiscussions, we introduce some
notation, which we hope is clarifying. We denote the application of a linear operator on a matrix
with bracketsL [A]. In terms of indices we may write this a$A]ij = Y Liju A For Hermitian
matrices, we writéX,Y) = tr{XY}, and it is well known that this is a non-degenerate inner product
on the vector space of Hermitian matrices. For a vector subspace of Hermitian ma{yivedet

Al ={B:VX €A (X,B)=0}.

We denote the linear action of a commutatog & = —ady [X] = [X,Y].

Lemma 2.0.2

(X, ady(Z]) = — (ad[X],Z).

Proof: Applying the trace identity fAB} = tr{BA},

tr{X(YZ—ZY)} = tr{XYZ-YXZ
= —tr{(YX=XY)Z}

16



Thecentralizerof X is the seCx = {Y : [X,Y] = 0}. Cx is the nullspace of ad
Lemma 2.0.3 C>% is the range of ag.

Proof: For anyY and someZ € Cx, by lemma 2.0.2(adk(Y),Z) = —(Y,adk(Z)) = 0, thus
Ranggad } C Cx.
From elementary dimension counting,

dim{Rangdady}} +dim{Null{adk}} = dim{Cx}+dim{Cx}

dim{Rangdady}} +dim{Cx} = dim{Cx}+dim{Cx}
dim{Rangdad}} = dim{Cx}

where din{Cx } = dim{Cx} obtains the last line. ]

LetXij = %;@.j)%j in anA-diagonalizing basis. Then according to (2.1) and (2.3),

ady[X] = adsy[Y]. (2.8)

The operator, agd has a non-trivial nullspace. Howevé, C Ctn) implies Rangéad a)} C
Rangdadh}, by lemma 2.0.3, thus equation (2.8) has a unique solution.

Since we are dealing with a linear space (albeit of matrices), with a linear operator and an inner
product, we can use a Krylov-based iterative solver to solve (2.8) (e.g. conjugate gradient or
MINRES [18, 19]) with some initial guesX, yielding

X = Xo-+ c1a0h[Xo] + Coach[Xo] + - -

with X — Xg € C-

By (2.4), we additionally requiri; = f'(a)Y;;. For example, if we take

NI =

Xo == (f'(A)Y +YT'(A) + Xy,

whereX; € Cy is arbitrary, then the iterative solution of (2.8) will be correct, Xe= f(A). In
the remainder of this article we takg = 0.

17



Density functional theory review

Let p be a density matrix (HermitianX be the kinetic energy operatdy, be the ionic (and
external) potential, witfEyxc(p) the Hartree, exchange, and correlation energy. \8fi) =
—tr{plog(p) + (I —p)log(l — p)} as the entropy expression, the variational energy is

E(p) = tr{p(K +Vi)} + Enxc(p) — %sm). (2.9)

The unconstrained derivative is

oE OEnxc 1 o
b K+W + op +Blog(p(l p) ). (2.10)

The Kohn-Sham Hamiltonian is given Ity = K +V, +V whereV is the self-consistent potential
(to be determined). In the Kohn-Sham Diglis the minimizer of tfpH } — %S(p) with tr{p} =n,
which is equivalent to the conditions,

1

tr{p} = n (2.12)
for some chemical potential. Thus, we can considgr to be parametrized by two unknowns

V and u with two relations (2.11) and (2.12). Note: one could abgorimto V, but we find it
advantageous to keep it distinct in its role as a Lagrange multiplier.

With p satisfying these relations, the energy differential simplifies

JoE o 0EHXC } -1
p K+ + 0 +Blog(p(l p))
B OEnxc
= K+V+ a0 (H—pul)
~ JEpxc
= o (V —pul).

Finite temperature OEP with density operators

From section 2, the density matrix is related to the Kohn-Sham Hamiltokiaby (2.11) and
(2.12). Letg; be the eigenvalues of, and letwy = fg(& — u) be the eigenvalues gf. The divided

18



differences can be stably computed with the formula

fB(X) - fB(y) L eBxt+y)/2 (smr‘([}(x—y)/Z))
X—y  (1+ef)(1+eP) (x—y)/2

where a test fox =y is required for the evaluation of the last factor. We note in particular that
fp(x)—fg(X)
L = &0 = B0 (1~ fg(x).

Let E(p) be a function of a density matri. We can implicitly definee(H) = E(p(H, u(H))).
Formally varyinge(H),

OE(H) :tr{%g’m)ép}. (2.13)

in anH-diagonalizing basis,

— Wi
spj =2 = (8Hij — 5d)) (2.14)

By (2.12), the trace odp vanishes,

le dJ §—E&j 5H|J
Zudlm .

tr{p(l — )5H}
tr{p(l-p)}

ou =

Thus, in arH-diagonalizing basis,

< OEw-—w o o o
SE = zapij F— (8Hi; — 3ua;))

_ < 9E 0-w <5Hi__2k04<(1—04<)5|‘|kka_)
- 0pij & — & : kak(l—aw J

W —wj JE cop wy JE
— —d' OH::
%(W«fj api ZM (1~ wx ) 2 ey —eq 9ppg )
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and the gradient is therefore

oE w —wj JE w(l-w) wp—wy JE
oE . 5P ™ 9= 2.15
OHij —&j 0pij % Pyradl-a) W) & " Ep—E&q IPpq 219
JE _ Aw[JE] p(l-p) JE
oH E_ap} tr{p(1 —p)} { [d ” (2:40)
o [oe {42 [3,'5]}
_ R (2.17)
Ae 0p tr {3211}

where%—‘g’ [-] stands for the Jacobiarﬁ%??, in a general basis. {IAA—(: 1} = =Btr{p(l —p)},
though we will keep it as itis in (2.17) to make the tracelessneggoﬁore manifest.

tr
The application of the Jacobian, to obt%ﬁq = %—‘g’ [g—g t{r{T[%}ll , can be done by iteratively

solving

JE JE
b

with initial guess

(Z—E)O = —%B (p(l— 125+ (1 - p))+Btr{A(§w[a§

50" 5 pl—p).  (2.19)

Note: limg_.., Bo(l — p) O 6(H — ul), a delta function on the spectrum |f Thus in the low
temperature limit, only the eigenvaluesténearu contribute to(j—ﬁ)o.

To obtain an OEP gradient, we restrict the variabilittbto H = Hg +V whereHg =K +V, is
fixed anaV is a local operator. The gradient is then

d

= Yal @ (2.20)

whereq (r) is the eigenvector dfl with eigenvalue; in the position representation.
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Finite temperature OEP with orbitals

Instead of representing the density as an operator, it is often more practical to gxpréssms
of an incomplete basis of partially occupied orbitals. bgtg,, ... be a complete eigenbasisiaf
sorted non-decreasingly in eigenvalue. DNebe sufficiently large thaty-n ~ 0. Then we may
write truncate the basis so that

p=Qp" (2.21)

wherep = [gol ® - (R\]] , with A\ the diagonal matrix of eigenvalues aadhe diagonal matrix
with entriesy, ..., wn (i.e. Q = fg(A—pul)). Note,N will usually be much smaller than the
number of primitive basis functions, gowill be a rectangular matrix with orthonormal columns,
i.e. p'p =1 (theN x N identity) andpg' is the orthogonal projector onto the span of théand
hence commutes witH).

Let x and{ be given by

. Aw | 0E . B B T&_E
X = tr{A—s [%]}_;\ Bw(l—w)q 0p(ﬂ
Aw

; = tr{Em}zizi—Bmu—m)

and letE andJ beN x N matrices given by

= +0E(9Q9") £ _ 9E(eQq")

E=0¢ ap (0] (l.e. Eij = op; (2.22)
—  Aw [0E R —wj [ =
PO (ei-t8(a)  en

Note that by these definition€, E| = [A, J].

Sincew-n ~ 0, the expressions fof and{ can likewise be truncated,

X = 5 —Ba(l-w)Ei=—ptr{Q(-Q)E}
1<iI<N

¢ = > -Ba(l-w)=-ptr{Q(-0Q)}
1<i<N

and by (2.15)

(I — ")

Aw [0E X 0

Ae %_?I} (I —QDCOT)
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thus, we may write (2.16) as

O _ sw[E
oH  Ac

=AM = ot T 2.24
5| =o'y (2.29

whereg'y = '@ = 1J. This gives an orbital form of equation (2.20),

= @Y (r) + (g (r) (2.25)

1<i<N

which is similar to the equation derived in numerous sources in the OEP literature [14, 15], with a
modification of they to accommodate the finite temperature regime.

It remains to solve fory, which we may decompose gs= ¢, + %goJ_, wheregy, =0. We
can derive an equation fay, , by multiplying equation (2.18) on the left by the projector pg'
(which commutes witliH) and on the right byp and employing (2.24),

(B {H,g—lﬂrp = (I-gp") [p,g—ifp (2.26)
(I1— @) (Hy—yA) = —(I—WT)g—ipw (2.27)
Hy, A = —<|—<ogof>3—ﬁm. (2.28)

The LHS and RHS of (2.28) are orthogonal@pby construction. Thus we have a well-defined
equation fory, . An iterative method can thus be used to solvefiorwithout any special initial-
ization beyondp'y, = 0.

Computational results

In order to test the above approach, it was implemented in the orbital representation within the
Socorro electronic structure software using a plane wave basis set and norm-conserving pseudopo-
tentials. The conjugate gradient algorithm was used to solve the linear systems involved in the
evaluation of the gradient. Using this algorithm, the computational cost of solving the set of linear
systems determiningy, is comparable to the cost of solving the Kohn-Sham eigenproblem. for
Therefore, each gradient evaluation is approximately as computationally expensive as one step of
the self-consistency loop in a standard DFT code.

For traditional approximations to the exact DFT, such as the Local Density Approximation (LDA)
and Generalized Gradient Approximation (GGE)xc is an explicit functional of the electronic
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density, which is the diagonal of the density maipixn a position representation. In this case,
‘7%—'3@ has the form of a local potential operaMixc, and the energy minimum occurs at self-
consistency, i.e., whet = Vyxc. In this case, the OEP is the self-consistent potential, and the
results of our iterative minimization approach can be compared directly to well-tested results ob-
tained from conventional self-consistent methods. Therefore, we have tested our OEP approach by
applying it to LDA calculations.

Our test system consists of a two atom unit cell of silicon in the diamond structure. We used a
20 Rydberg plane-wave cutoff and ax2 x 2 Monkhorst-Pack k-point sampling. This k-point
sampling does not give a converged total energy, but this is not an issue for the purpose of testing
our approach. Two electronic temperatures were used: (1) Room Tempekgiure 25.67 meV),

and (2) High TemperaturégT = 1.0 eV).

In order to test the correctness of the our gradient, we used the finite difference approach. During
each of a series of steps, the value/oét each point on a real-space grid was varied by a small
(0(10~4)) random perturbatioAV (r). During this random walk, the energy and the gradient were
evaluated at each step. A linear approximation to the change in energy during each step is given

by
OE
AE ~ /[N—(r)AV(r)dr. (2.29)

For the small steps taken in this test, we would expect this linear approximation to be accurate if the
gradient is accurate. Therefore, we can compare this predicted energy change to the actual energy
change observed during the random walk. The results of this comparison for the high temperature
case are shown in Fig. 4.1. Since the step direction is random, this represents a very stringent test
of the accuracy of the gradient, and we believe that the excellent agreement between the predicted
and actual energy changes demonstrates that our approach gives an accurate gradient, even at large
electronic temperatures.

The OEP is found by using the gradient to iteratively minimize the energy. We implemented this
minimization using Chebyshev acceleration on the fixed point equatian= x; + t0f(x;) for

some fixedr empirically chosen. The convergence of the energy of our test system during this
process is shown in Fig. 2.2. The errors in the energy were evaluated by comparing the energies
obtained during the iterative minimization to the result of a highly converged self-consistent cal-
culation. The convergence demonstrates that the iterative OEP and self-consistent approaches give
the same result, as would be expected for the LDA energy functional. The convergence is only
weakly dependent on the electronic temperature. The asymptotic rate of convergence obtained in
the iterative OEP approach is not as rapid as the highly optimized mixing methods typically used
in self-consistent calculations, but a reasonable accuracy for practical purposé®Rgl0can be
obtained easily.
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Figure 2.1. A comparison of the energy change predicted from
the gradient and the actual energy change observed during a ran-
dom walk in the potential. The filled circles are the calculated
values. The solid line is a guide to the eye representing perfect
agreement.
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Figure 2.2. The error in the energy, as well as the square-norm
of gradient, during the iterative minimization on a log scale.
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Finite Basis Set Issues

It has recently been noted [20] that the exact exchange OEP optimization problem seems to suffer
from certain pathologies which lead to either non-uniqueness of the effective potential at optimality
or the equivalence of the calculated OEP density and energy to that of the corresponding Hartree-
Fock quantities.

The argument can be summarized as follows. Rdie any two-point Hermitian function (i.e.

P(x1,X%2) = P(x2,x1)). The total energy functional, in either the Hartree-Fock or exchange-only
KS schemes, is

EP) = [ 8(x-x) {—%waext(x) + %VJ(x) P(x,X)dxd + Ex

where
P(X, X
vi(x) = /‘)E_X/ﬁdx’
1 r[P(xx)?
EX —é 7|X—X’| dXd)(.

For the Hartree-Fock methoB|[P] is minimized over alP of the formP = S @ (x1)@(x2) where
(@, @) = &j. The local optimality conditions for HF arg, H""] = 0, where

. 1 .
HHF = —§D2+Vext+VJ+K

where

P(X,x)
x| o(X)dX.

Ko(x) = /

For exact exchange-only Kohn-ShaiiP] is also optimized with the added condition that the
are eigenfunctions of

N 1
HKS = —EDZ-l-Vext-i-VJ +Vx

for some local potentialy, which implies [P, I—A|K51 = 0. Since this merely restricts the search
space for optimizinge [P], the exact exchange-only KS solution cannot have a lesser energy than
the exact HF solution.
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The paper by Staroverov et al [20] explores seemingly paiadbresults where, in certain finite
bases, it is possible to constructsasuch thatP,HKS] = 0 (i.e. P satisfies the exact exchange-
only KS constraints) wherR is the optimum of the associated Hartree-Fock problem. Thus the
minimum exact exchange-only KS energy coincides with that of HF Rumlinimizes of both
problems.

The essence of the argument is the observatiortif&t- H"F = vx — K, and hencéP, HXS] =0

if [P,H"F] =0 and[P,vx] = [PK]. TakingP to be the HF minimizer gives the first condition,
and a the choice of basis functions provides the second.ajed be real basis functions for
the orbitals, thu®(x1,x2) = ¥, 1, PHH2ay, (x1)ay, (X2), andby (X) be real basis functions for the
potentialsyx = ¥, vyby(X). Then the relevant products are

(VxP)(X1,%2) = u%vv§’<P“l“zbv(xl)aul(xl)auz(xz)
(KP)(x1,%) = uzuzpﬂ’uz( I|:;(1X/_’);ll|>a/(x’)d>() ay,(X2)
- u;%’u P </ PWlTil()(—/)jrl(X1)a“ /(X/>d)() e2)
LA K2
- %u PHILPH 2 ( / %dx’) 8y, (x1)ay, (%2).

Clearly, we can havexP = KP by

au(X)ay (X)
PHHLPH H?
PH1H2

V(M)
Vy =

for some appropriate choice of index mayy, 1’) (genericallyPH12 is non-vanishing). Staroverov
et al acknowledge that this construction reveals that for a generic basis of wavefuf@tiprthere

is at least one choice of potential basjb, } such that non-local effects can benulatedby an
appropriate choice of local potential. Even {dx, } not so pathologically chosen, we might expect
to see some ability to simulate non-local partsofvith a sufficiently large number of local basis
functions.

A truly degenerate case

It is certainly possible that, in a finite wavefunction basis, the optimal energies given by both the
OEP and HF methods coincide. One very contrived example is a basis consistinfyn€tions
ai,...,an, Where theg;(x) are the exact orbitals of the Hartree-Fock energy. In such a basis, no
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matter whatx may be, theP corresponding to the eigenvectorsttfS is the identity matrix and

the solution coincides with the Hartree-Fock solution. Without much effort one can select a basis,
which ensures that the Kohn-Sham solutions are arbitrarily close to the Hartree-Fock solutions,
independenof the choice of basis fork. Our thesis is that this example is generic. If the wave-
function basis is sufficiently small, and spans the HF solution, then the xOEP solution will be
forced to resemble the HF solution. Staroverov et al, in contrast, have considered the wavefunction
basis fixed and reasonably rich, while having too large a potential function basis.

The origin of the pathology

One problem in the identification of the source of these apparent pathologies is that it is easy to
carry over intuitions from previous methods for DFT that do not apply to OEP calculations. One
of these is that the energy is variational in the wavefunction basis, i.e. as one adds more elements
to the basis, the optim& value must decrease. This is true for traditional DFT and HF, but is
not true for XOEP. In XOEHE[P] is variational invx and, hence, the local potential basis, but

not the wavefunction basis, which serves merely to accurately caldtlagea functional of/k.
Additional basis functions allow for more accurai&S wavefunctions, of course, but this need

not be accompanied by a decreaséEjR], it may increase, in fact. For example, consider the
case above in which the basis initially consists of exact HF orbitals. If the wavefunction basis is
extended by a generic basis functi&iP] can be expected to increase.

In summary, the origin of the apparent pathologies discussed above is that it is assumed that the
bases uses to represent the potential and the wavefunctions can be varied independently, while
in fact, the optimized effective potential is properly defined in terms of the exact solution of the
Kohn-Sham equations for a given variational potential. Practical calculations require the use of a
finite basis for the wavefunctions, which is not a problem as long as the chosen finite basis gives
a sufficiently accurate representation of the exact wavefunctions. The following procedure should
obtain the correct OEP solution using finite bases. (1) Chodbg japotential basis and an initial

{a,} wavefunction basis, and solve the finite dimensional OEP problem. (2) Extenfchjthe

basis with new elements, keepifig, } fixed, untilE[P] converges. One then has an upper bound

on the true OEP energy, variationalin. Augment{b, } and iterate beginning with step (1) until

the energy is converged.

Plane-wave calculations

Results obtained using plane-wave bases typically converge smoothly and steadily with the plane-
wave cutoff, and therefore, it may be possible to circumvent the double loop of convergence tests
described above. Consider the plane-wave bagés) = &% andby (x) = €"* where||u||? < &c.

Clearly, the eigenvectors &%S have no dependence of any potential basis elements |W|tﬁ >

4ec. In periodic systems, the number of basis elements for potentials can be no larger that eight
times the number of basis elements for wavefunctions. If the wavefunctionsnhdegrees of
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freedom, then the potentials should have, at midst,degrees of freedom. The construction of
Staroverov require8l n? basis functions for potentials and does not apply to plane wave bases.
These considerations raise some doubt regarding the nature of their manipulations.

There is some reasonably physical reasoning to suspect that the dimension of potential space
should be proportional (if not less than or equal) to the dimension of wavefunction space. One
interpretation of the terrfocal as applied to a finite basis representationpfs thatvy approxi-

mately commute with the position operator. In a finite wavefunction basis, the position operators
are matrices of ordgfay }|. Hence, the space of operators which commute with the finite basis
position operators can be no more théay, } | dimensional.

For our own plane-wave work, we take||* < &, ensuring an equal number of degrees of free-
dom. This also has the effect of removing certain null-vectors ofvheninimization which
ultimately arise from the ability of the wavefunction basis to represent the first-order orbital shifts
used to compute the OEP gradient.

Discussion

We have found and verified an expression for the gradient of the Kohn-Sham energy with respect
to the local potential appearing in the Kohn-Sham Hamiltonian. Our derivation based on the den-
sity matrix naturally provides a result that is valid at finite temperature. The cost of evaluating
the optimized effective potential using this approach should be comparable to the cost of a tradi-
tional density functional calculation using standard functionals such as the LDA or GGA, but a
greatly extended family of exchange-correlation functionals that have an explicit dependence on
the Kohn-Sham orbitals can be considered. We have identified the source of an apparent pathology
in iterative OEP calculations using a finite basis, and described a systematic procedure to obtain
the correct OEP solution.
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Chapter 3

| mplementation of the OEP in Socorro

Our iterative approach to solving for the OEP was implemented in the Socorro electronic structure
software in the orbital representation using a plane wave basis set and norm-conserving pseu-
dopotentials. There have been no previous implementations of the OEP which address both our
scientific goals (finite temperature simulations, calculation of variational quantities at the opti-
mum) and our computational goals (production quality with pseudo-potentials, proper handling of
cutoffs, and good convergence and preconditioning). We have made substantial progress towards
our goals in both these areas. In the process, we have isolated and circumvented a number of com-
putational pitfalls, which we believe have not been noted before. This section reviews our OEP
implementation and discusses the computational issues that we have identified.

Review of the OEP

We have a “bare” Hamiltoniaklp = K 4V, representing the sum of kinetic energy and ionic (or
otherwise external) potentials. TN operator is theoretically local, but in practice, it is much
more computationally effective to use a non-local pseudo-potential. We will hence cowsider
be a general operator.

We consider two energy functions

1
E. = Ho-p+V-p+E<p-Iogp+<l—p)-log<l—p))
1
B
= E.+Enxc(p)—Vep

E = Hoep+Enxc(p)+ (pelogp+(I—p)elog(l —p))

where we adopt the conventidne B = tr{A"B}. In the OEP formulation, we considerto be
a function ofV defined by the condition thdte p = n and E.(p) is minimized withV fixed.
This is equivalent to the condition th%% = ul, for some Lagrange multipliqu. Thus we may

equivalently takep(V) = (I +eBHotV-1)~1 wherey is selected to ensute p(V) = n.

We then minimizeE(p(V)) as a function oV. In translating derivatives ip to derivatives inv
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we make use of ahain rulefor functions of Hermitian matrices,

Y—f(X)]

where the action o%f( [-], in anX diagonal basis (letting = X;; be the eigenvalues &), is given
by

OF (f(X)) Af
oX T AX

OF(Y)
A

Af £06) — 1)
(52),~ =2

where%;j(x")

is a divided difference (i.e. taking derivatives wheg- Xx;).

For the application of interest, our functiondge) = The gradient oE as a function oV

1+eB€
is
ov op
- Aw dEch
= Af { ap V+v|} .

wherev (actually the derivative of:) is selected so thdte 47 aE = 0. Thus, for OEP, wher¥ is
restricted to be a local operator, and the gradient is

oE - . Aw dEch
N dlag{E{ ap V—l—vlﬂ,

where we understand the diag above to be the diagonal piece of a Hermitian matrix taken in real
space.

At this point, we should comment that wh@@*pﬁ is a local operator, as in the case of LDA, then
one can motivate the so-calleelf-consisteniterationV «— a%—HpXC +vl, which should converge

nicely as long a% does not change much. This is one reason why LDA calculations have never
needed to think abo% or a gradient formulation of LDA.

As an aside, in Hartree-Fock it is the case tﬁ%% is non-local but that there is no restriction
on p, which can be thought (perversely) as there being no locality restrictid®h) and thus HF is
effectively doingVv « 0%_|B<c + vl as well.

However, when doing exact exchan%%*f is a non-local operator, and it is not clear how a fixed-

point scheme, similar to that of LDA could be generated. This leaves us with the gradient search
as our best available approach.
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Review of the application of22 /]

A full diagonalization ofH = Ho+V is computationally impractical for large basis sets. We
review here how the OEP gradient can be found by solvin%b[i] (for Z a Hermitian operators)
iteratively on a set of orbitale = (gol qN) which are the lowedN eigenvectors oH with
eigenvalueg; and occupationsy (we assumingy ~ O fori > N).

We will generalize slightly, to the computation&# [Z + v1], wherev is chosen so that{h2 [Z + v1]} =
t (in the case where there is no trace constraint, 0. LetE andJ beN x N matrices given by

E = ¢'Z¢

Aw w—w
J = (pTA—g[Z—I-vI](p: [7

— J‘l o(E+vl),

where [‘2::‘] is theN x N matrix of divided differences; denotes elementwise multiplication

andv is chosen such that{tﬂ_} —t. Lety, satisfyp'y, =0 and

Hy —yiA = —(1—09")ZeQ, (3.1)
where/\, Q are diagonal matrices with entrigsw respectively. Then

Aw

1 —
Ae [Z+VvI] = LI’L+§(PJ-

We see that we can compL%g [Z+ vl] from products of the fornZ¢. However, this does require

an iterative solution to (3.1). It is customary to allow fairly loose tolerances for the underlying
eigenproblem when far from convergence. Thgsnay be substantially different from the true
lowest eigenvalues df and[pg@", H] may not be small. In that case, we can do additional projec-
tion,

(I—@e"Hy, —y A = —(1—09")ZeQ,

to ensure that we take a principle submatrix of tHe-] operator on the left hand side, and thus
a well-posed problem. Even so, if an iterative solution method requiring positive definiteness is
used, poorly convergeg can lead to a principle submatrix which is not positive definite.

Generally, we have found that we require our tolerances for the eigenvegtoosye a bit higher
than those required for self-consistent LDA.
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lterative Algorithms

There are two main iterative loops involved in the iterative OEP algorithm: an inner loop that
solves a linear system in order to evaluate the gradient at a given potential and an outer loop that
uses the resulting gradient to minimize the energy with respect to the potential.

The conjugate gradient algorithm was used to solve the linear systems in the inner loop. Standard
preconditioning techniques identical to those used in iteratively solving for the eigenvectors of the
Hamiltonian in a standard plane wave DFT code are effective in this case. Using the conjugate al-
gorithm, the computational cost of solving the set of linear systems determjnigcomparable

to the cost of solving the Kohn-Sham eigenproblemdgoiTherefore, each gradient evaluation is
approximately as computationally expensive as one step of the self-consistency loop in a standard
DFT code.

The outer loop, in which the energy is minimized, replaces the self-consistency iteration in a stan-
dard DFT code. Minimization requires different algorithms than self-consistency, and therefore, a
considerable amount of effort was spent optimizing the outer iteration. Since line minimization is

expensive and the Hessian in this case is difficult to apply, we convergefix@tdatempproach

such as Richardson iteration.

The basic relaxation step is of the form
Xi+1=X — VY0,

whereg; = Of(x), which linearizes to
Xiy1 =X +y(b—Ax).

The iteration on the erra = x; — X, is given by

€+1 = ("VA)_Q
e = (I-yA)'e

from which we see thag — O only if —1 <1—yA <1 for all eigenvalued of A.

If the eigenvalues oh occur in(0, 1) then convergence occurs whert 2 andy = 2 is the largest
convergent step size. In practice, we do not start with the spectruirof0, 1), but we scale
all gradients by an empirically determined factor to place the eigenvaluebetiveen0,1) in a
more-or-less centered fashion.

With y = 2, if Amin = € or Amax= 1— &, the error in the extreme modes will he— Ze\i. Thus
convergence is eventually dominated by the value ef £, which is approximately equal to the
condition number oA.
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One technique which works well when good estimates of theibles®rm and condition number
are available i€hebyshev acceleratio®ne considers a Chebyshev polynomilglaffinely trans-
lated so that—1,1) — (&,1) where the eigenvalues of the Hessian occukirl). The goal is to
haveg = ﬁ'ﬁ(ﬁ — aA)eg wherea = 72 andB = £, The Chebyshev polynomials, given by

To(y) = 1
Tiy) =y
Traly) = 2yTi(y) — Tia(y)-

. 1-& - T
The error will decrease roughly a\% ~ s with a need for periodic resets to correct

non-linearities (which should be reasonable to perform aftgf&2steps).

The recurrences for Chebyshev polynomials can be re-arranged a bit to give

o =1
n =1
Tit1 = 20 —PBTi_1
X1 = Xo—0ago
1
X1 = X+ —(TiaB(X —X-1) — 21,09)

Tit1

and thus we need only keep aroundedocityvectorx; — x;_1 and mix it with the gradient to obtain
the update.

With a good preconditioner in place (such as that discussed in the next section), it is reasonable
to assume that Hessian norms and condition numbers are fairly insensitive to problem size. We
have observed that the same pair of parameters achieve nearly the same convergence on 2 atom, 8
atom, and 64 atom silicon, supporting this intuition. This also suggests that one might use smaller
systems to estimate the optimal convergence parameters for larger ones.

Preconditioning the Outer Loop

Effient convergence of the outer loop in the iterative OEP algorithm requires a good preconditioner
for the minimization algorithm. We have developed a preconditioner based on the OEP gradient in
the non-interacting free metal

Since the system is non-interacting, thgxc term vanishes and = 0 is optimal. The gradient is

J0E N #AY)
N dlag(A—g [0])
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which can be varied by — 0+ 4V to obtain the variation of the gradient,

53—5 _ diag(i—‘:[—(SV])Miag((ai—‘:) [0])

= —diag(i—(: [6V])

Thus we see that the Hessian is given by the action of the Jacobian restricted to local operators
oV. There being no possibility of confusion, we will drop theand useV for a variation of the
(vanishing) optimum effective potential.

Let us suppose that we have a discrete set of wave nurkbei®3, which we will use to represent
the occupied orbitals of an idealized system. In this case, the density operator is

_ - - 1 e
p(xX) =3 k><k = N g Ik (x=x),

keK keK

with p(X,X) = ne/N wherene = |K| is the number of electrons amdis the unit volume.

We can carry out a general derivation for planewaves in finite temperature, by @giig) =
w(&)—w(&) . L
W and thus the localized Jacobian is given by
V(X — 3 Dge(B)lk><KVIK ><K|
kK
_ Ze—lifelwka_W(B)/d%?eIE)?e—IE’)?V()zr)
kK

— 5 D) [dRe v (x)

kk/
~ Y da(B) / d3Ke TRy (%)

- YdaB)a><ay

whereds(B) = Sk iw—gDie (B). We notes that iff dxV(x) vanishes, then so does the integral of
the RHS, thus = 0, and the sum ovex can be restricted ta # 0.

We may consider a more specific metallic case where the possible statesRarevih
K2

= 1

T 14 eBKIP-R)

]
I
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. 2
whereyt is selected by - ankcdk  _ n for some constant.

1eBe—p)

Passing from sums to integrals we find (taking- ||a/|),

da(B) = > Dicriaicia)

14)24y2172 - 10)24y2472
14 POz )5y 425 ) 1Pz @)% +ys+22—p)
da(B) = / - 2xa+ dxdydz
1 1

- / - L POrFoZeZo g BTz dxdr
reR; JxeR

Xa

gt detnn |
= L0 2 g,
xeR 2Bxa
log FlgaP—n gy Plxzap)
B / - PO+ 50)2-p) 14 B 52— p) dx
 Jxer 2Bxa

/ m 1 e*B((X+%a)2*“) -+ 1
X

—lo dx
cr2Xa B0 o B 3a)PH) 4 q

Taking the limit a8 — o, noting that ling_., 4 log(e”° + 1) = max{c, 0} for all c,

_ i it Tz ol - Cx— L2
dg(0) = /xeRZXCY (max{u (x+za) ,O} max{u (x 20{) ,O})dx
la+ym
— /2 ﬂ((x—}a)z—u)dx
x=1a—/mXa 2

lCH—\/ﬂ la2_
= /2 g (ARG P S T
x=la—ym \ 0 Xa

X2 702 —p 2atVH
= T| z——X+ log|X|
2a a L
X=50—/H
20°—p S0 +VH
= —7|VH— log 1 )
a 30— VH|

We now note some of the featuresdyf(). It is continuous everywhere, taking the valuer, /[
ata = 2,/[. Itis differentiable for alla # 2,/1 (where it is infinite), which is associated with the
Friedel oscillations in metals.
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For largea,

la2—p 142K
_ 4 a
B 1 pu 20 1/2ym\°
= T VH <z" a)2<7+§(7)+ ))
B aud? /1 2uN (1/2ym\°
- T a2 _(E ‘?) :_%(—a ) o
8u3/2
T T 32
For smalla,
0°—u, 1o
o) = —m| VH-"— '091—%\/ﬁ
B 1 U a 1/ a \°
- ‘"(W‘G“‘a)Z(ﬁ*é(m) *))
C¥2
(2 50

A bit of empirical curve fitting and rearrangement of expressions then shows that

2
1 +3L>§ZC\/H

1445 4

Cy/H <dg(e)- (

for some C, which implies that

1 3012 3
or 1— -2

-2 4 4u

should be a good preconditioner in the low temperature regime. This is the preconditioner that we
use in our OEP implementation, and it seems to be doing a good job even on non-metallic systems
such as silicon and at substantial finite temperatures.
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Potential cut-offs

Another issue that arises in the implementation of the iterative OEP algorithm is making sure that
we do not include modes in the variational space of the potential that have an extremely weak ef-
fect on the energy evaluated using a given plane wave representation of the waevefunctions. Such
modes lead to an extremely poorly conditioned minimization problem and very poor convergence.
This issue is closely related to the problem discussed above in the theory section of making sure
that the Kohn-Sham equations are accurately solved for each potential occuring during the mini-
mization of the potential.

Let us consider the case where we have used a planewave basis with somél¢utofky and

fully diagonalizedH = Hp+V into a complete eigenbasys, . . ., @y (whereN is the dimension of

the planewave basis). Let us also assume that we have likewise represented the local ¥perator,
in a planewave basis with a cutoff k.

We consider the case wheve=V, + e€9%, whereV, is the optimal and’ is small. Then the
gradient aV is

JE . (Dw[JdBuxc(p) |, _jax _ edian D@ Gax
N - dlag(A—s [T V, — &€ +(v*+vy)ID_ edlag(As e yl})

wherey is chosen to makg\ﬁ, traceless. In terms of the complete eigenbasis,

A(,O _>? _ tda-x
) - g (42) o).

from which we see a vanishing gradient fomr|| > 2ky. This is to be expected, however, since
the coupling betweeX andp in E, isV e p and€?> e p identically vanishes whepa|| > 2ky.
One way to look at this is that high frequency mode¥ dfave no effect o in the presence of
cutoffs, and thus, no effect on the enefgyIf we started the minimization frodd =V, + g€,

we could not expect to seedecrease.

However, this is not enough. We have observed that Wittutoff at Z the convergence of the
gradient search is very sub-linear.

In fact, any first order perturbation Y6 which gives a second order gradient could not be expected
to decrease rapidly (i.e. linearly) in a gradient-based minimization. Such perturbations are then
null vectors of the objective functioB(p(V)).

Consider that in order for a term in (3.2) to contribute significantly to the sum, at least gnerof
@; must havew , w; non-vanishing, i.e. bpartially occupied In a typical calculation, the partially
occupied states have planewave components which become vanishingly sm|| ferky with

ko independent oky so long asy is picked to be well enough abokg (an extreme case is the
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free non-interacting metal in whidky is minimal and independent &fy for ky > kg). Thus if
||| > kw + ko the first order contribution tp will be likewise small and ill-conditioning of the
optimization results.

This ill-conditioning is entirely non-physical, coming from the choicekgt If we consider the

effect of increasind«y, ko would change negligibly, and thikg, + ko would increase and more

a’s would be able to significantly contribute (3.2). In non-OEP formulations, the criteriokyfor

is to provide a good representation of the partially occupied orbitals. However, the OEP gradient
couples unoccupied and partially occupied orbitals, and this coupling can only be represented
faithfully so long as the unoccupied orbitals can be represented faithfully.

We have used a more stringent cutoff Yoitherefore, taking it to b&y instead of the customary

2ky. We have found, with experiments on silicon, that the number of correctly converged digits
in the resulting energies did not change. This is to be expected, since a tiny contribution to the
gradient indicates a tiny contribution to the overall energy.

OEP Hellman-Feynman correction

Once an OEP calculation has been performed, it is important to be able to calculate variational
guantities (such as forces) at the optimum. One of the surprising results we've obtained is the
failure of the Hellman-Feynman theorem in general OEP problems.

The Hellman-Feynman theorem is the basis for doing perturbative analysis of LDA approximations
or Hartree-Fock to obtain variations in the ground state energy as a result of a varying Hamilto-
nian. It says that if the bare Hamiltonian is a linear fundttyis) = Ho + sHi, andEmin(S) is the
minimum of E (as a function o¥) with the givenHp(s), then

dEmin
ds

=Hye p(V)

whereV is the minimizer as= 0, giving a linearization of the energy which is independent of any
first derivatives ol at the minimum. These first order variations of the minimum energy are the
basis for the calculation of a variety of bulk material properties, like conductivity, the dielectric
constant, as well as stress and strain. This is what one would generally expect from an arbitrary
function of the formf (s) = minyF (s,X), a short sketch of why being,

0
5(F(x,s) =0
d 9 dx(s) 0
d_SF(X(S)’S> = E(F(X(S)’QK-F@_SF(X(S)’S)
= 0+ (9.9
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However, our problem is analogous to

S99 = ZF((09.9 —0
F

009,89 = ZF09.9 (AT + 5+ S F 09,99

dx
0 ox 0
a_ ( (y7 )7 )a +(9_SF( (y(S>,S),S>,

and itis this(g’—XF(x(y, s),s)‘g—’; term, which comes from the fact that the relation betweandy is
dependent os, that we must account for.

For the OEP formulation,

d oE JoE

ass = ap Mt 5
o dEch Aw
= (T—V‘F“l).E[Hl]_Ftr{le}
 Aw JEnxc

The second term vanishes if

e Hj islocal (since the local part % [aEHXC V+u|] vanishes)

e LDA: ‘9%—'3@ is local (since‘M —V + ul vanishes)

e Hartree-FockY is not restricted to be local (sin@g(,”pﬁ —V + ul vanishes)

Thus, this correction is not present in the previous methods of LDA and Hartree-Fock. Corrections

to higher order derivatives are thus also expected to appear in an OEP problem with non-local
9Enxc
Jp -
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Chapter 4

Tests and Applications

We applied our implementation of EXX using a plane-wave basis and our iterative OEP algorithm
to study small molecules, bulk semiconductors, and defects in silicon. In these calculations, we
neglected correlation and takg xc to be the sum of the Hartree and exchange energies.

Convergence Tests

We repeated the convergence tests for our iterative OEP algorithm described above for the LDA
functional using the EXX. This verifies that the method works correctly usifgx that can not

be written as an explicit functional of the electronic density. The test system consisted of a two
atom unit cell of silicon in the diamond structure. We used a 20 Rydberg plane-wave cutoff and a
2 x 2 x 2 Monkhorst-Pack k-point sampling. This k-point sampling does not give a converged total
energy, but this is not an issue for the purpose of testing our approach. Two electronic temperatures
were used: (1) Room TemperatukgT = 25.67 meV), and (2) High Temperatures = 1.0 eV).

In order to test the correctness of our gradient, we applied the finite difference approach to the
EXX energy functional. During each of a series of steps, the vali aff each point on a real-
space grid was varied by a smai({0~%)) random perturbatioAV (r). During this random walk,

the energy and the gradient were evaluated at each step. A linear approximation to the change in
energy during each step is given by

JE
AE ~ /WAV(r)dr. (4.1)

For the small steps taken in this test, we would expect this linear approximation to be accurate if the
gradient is accurate. Therefore, we can compare this predicted energy change to the actual energy
change observed during the random walk. The results of this comparison for the high temperature
case are shown in figure 4.1. Since the step direction is random, this represents a very stringent test
of the accuracy of the gradient, and we believe that the excellent agreement between the predicted
and actual energy changes demonstrates that our approach gives an accurate gradient, even at large
electronic temperatures.
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Figure 4.1. A comparison of the energy change predicted from

the gradient and the actual energy change observed during a ran-
dom walk in the potential. The crosses are the calculated values.
The solid line is a guide to the eye representing perfect agreement.
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Figure 4.2. The convergence of thexact exchangeenergy, as
well as the square-norm of gradient, during the iterative minimiza-
tion on a log scale. The top plot was run at room temperature
(25.67 meV) and the bottom at high temperature (1 &\4- #I(Er)

from (2.25).
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The convergence of the energy of our EXX test system duringpipication of the iterative OEP
algorithm is shown in Fig. 4.2. The errors in the energy were approximated by comparing to the
converged result. As in the LDA case, we found that the convergence of the EXX energy is only
weakly dependent on the electronic temperature. The asymptotic rate of convergence obtained in
the iterative OEP approach is not as rapid as the highly optimized mixing methods typically used
in self-consistent calculations, but a reasonable accuracy for practical purposéfRgl0can be
obtained easily.

EXX results for H, and bulk Si and Ge

The bond length of the Himolecule was calculated using our plane-wave implementation of EXX.
Pseudopotentials were not used, so the hydrogen nucleus was represented by a Coulomb diver-
gence regularized by the finite plane-wave basis set used in the calculations. Convergence with
respect to supercell size (which gives the distance between molecules) and plane-wave cutoff was
established. The resulting bond length was 1.40 atomic units, identical to the experimental result,
and in good agreement with the EXX result of 1.39 atomic units found using a Gaussian basis
set and discussed elsewhere in this report. This shows that, like conventional DFT exchange-
correlation functionals such as LDA and GGA, the EXX can give good structural properties.

The band gaps of Si and Ge were also calculated. Pseudopotentials generated within the KLI ap-
proximation using the FHI code were used. The results can be compared to EXX results obtained
using a very different technique by Stadele et al [12]. In the case of Si, our calculations gave a band
gap of 1.28 eV, in good agreement with the values 1.23 eV from other EXX calculations, and 1.17
eV from experiment. In the case of Ge, our calculations gave a band gap of 0.72 eV, which can e
compared to 0.94 eV from other EXX calculations, and 0.66 eV from experiment. The differences
between our EXX results and those of Stadele et al are within the expected uncertainties due to
differences between our pseudopotentials (KLI) and their pseudopotentials (full EXX) [12]. As
observed before, EXX band gap values are in much better agreement with experiment than con-
ventional exchange-correlation functionals such as LDA and GGA. This is particularly dramatic
for the case of Ge, where LDA predicts metallic behavior (the absence of a band gap).

Finally, we calculated the Si band gap as a function of temperature using EXX and LDA. The
results are shown in Fig. 4.3. Note that these calculations neglect the effects of ion motion,
such as thermal expansion, and therefore, they can not be straightforwardly compared to finite
temperature experimental results. As discussed above, the EXX result at low temperature is much
closer to the experimental result than the LDA result. The curves giving the calculated results
come in flat at zero temperature. This is the expected behavior for all semiconductors when using
energy functionals, such as EXX and LDA, that depend only on the temperature via the electronic
density matrix. This behavior results from the absence of a linear dependence of the density matrix
of a semiconductor on the temperature at zero temperature. In contrast, GW calculations show a
decrease in the band gap with temperature at small temperatures. The EXX band gap is observed
to increase more with temperature than the LDA result, and there are signs of a plateau in the EXX
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Figure 4.3. Our calculated band gap of silicon as a function of
temperature using EXX and the LDA.

band gap at high temperature.

EXX results for the silicon interstitial

Due to the favorable scaling of our iterative OEP algorithm, we were able to perform unprecedented
EXX calculations for defects in 216 atom unit cells of silicon. Figure 4.4 shows the results for the
-2 charge state of the silicon self-interstitial in the ground state ([110] split) configuration. The
EXX calculations were performed using PBE relaxed atomic positions. As mentioned before,
the EXX band gap is in good agreement with experiment and much larger than the PBE band
gap. The allowable charge states of the silicon self-interstitial range from +2 to -2, and therefore,
the -2 charge state should have two filled levels within the band gap. This is observed in the
EXX case. However, in the PBE case, the lower level has moved down and submerged into the
valence band, while the upper level is unphysically close to the conduction band edge, which, in
the presence of defect band dispersion, can lead to partial loss of charge from the upper level to the
conduction band edge. Such a loss of charge from a defect level can lead to incorrect results for the
properties of defects in conventional DFT calculations. Our results show that the EXX provides
a promising approach to avoiding unphysical band overlap problems and the associated errors in
defect calculations.
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Figure 4.4. The Kohn-Sham eigenvalues obtained from a
217 atom calculation for the -2 charge state of the silicon self-
interstitial using EXX and the PBE. The eigenvalues are given rel-
ative to the valence band edge.
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Chapter 5

Pseudopotentials

One challenge when using a new density functional is finding a way of generating pseudopotentials
consistent with that functional. It is possible, of course, to use pseudopotentials developed with
another functional, for example LDA. However, such use is not advisable, as the core density
replaced by an LDA pseudopotential will not be exactly the same as that replaced by an EXX
pseudopotential. We have therefore sought to find a way to generate pseudopotentials consistent
with our EXX density functional.

We considered several options for generating EXX-consistent pseudopotentials. First, we consid-
ered using one of the wide range of Hartree-Fock pseudopotentials in current use. Such an option is
potentially possible, however Hartree-Fock codes do not typically derive the separable pseudopo-
tentials required by the Socorro program, and it was not known whether there were fundamental
inconsistencies with the very non-local Hartree-Fock Hamiltonian and the separability algorithms.
Secondly, we considered using the FHI98PP software [21] that is in wide use in the DFT commu-
nity and that contains a KLI functional. The KLI functional is an approximation to the full EXX
functional, and might possibly produce core densities arbitrarily close to the EXX core densities.
Thirdly, we considered writing our own all-electron DFT code to produce our own core densities
and pseudopotentials. We have, in fact, put together an all-electron DFT functionality [22] that we
have used for rapid development of algorithms for EXX potential generation. Using this capability
for pseudopotential generation remains an option that could be pursued at some point. Finally, we
considered obtaining existing software to generate these potentials. We obtained code from the
Goerling group [23] and code from the Engel group [24]. After an initial assessment of the two
programs, we decided that the code from the Engel Group was more mature, and have used that
program to generate EXX pseudopotentials.

Figure 5.1 shows a comparisons for the Si atom of LDA and KLI pseudopotentials constructed with
the FHI98PP and the EXX pseudopotential constructed with the Engel group’s program. We are
currently in the process of testing these potentials in the Socorro program to insure they reproduce
meaningful physical properties.
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Figure 5.1. A comparison of Si pseudopotentials computed
(top) using the Fritz-Haber pseudopotential code with the LDA
XC functional, (center) using the Fritz-Haber pseudopotentialcode
with the KLI XC functional, (bottom) using the Engels group’s
pseudopotential code with the EXX XC functional.
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Chapter 6

Small system tests of the OEP

We now report the performance of EXX methods on a variety of test systems. We report a compar-
ison of a spectrum of excitation energies for Helium and Beryllium atoms, we report the accuracy
of the functionals for molecular hydrogen geometries with stretched H-H bond lengths, and we
report the behavior of the band gap of Helium atom at elevated temperatures. These test problems
have been computed using an all-electron EXX method described in reference [22].

Helium Atom

Figure 6.1 shows a comparison of Helium excitation energies to the (essentially exact) QMC-
derived exchange-correlation functional as well as to HF and to other LDA, GGA, and Hybrid
functionals. The two methods derived in the current LDRD project, lab&kd andEXX-GGA

in the figure, perform significantly better than the HF method and the other density functionals.
The average error of the EXX (0.016 h) and the EXX-GGA (0.014 h) methods is significatly lower
than that from HF (0.107 h), LDA (0.241 h), GGA (0.227-0.232 h) or hybrid (0.160 h) methods.
Furthermore, the EXX values differ from the QMC-derived values by essentially constant values
across the entire spectrum, whereas the errors in the other methods fluctuate considerably. As a
result, the EXX methods are the only ones that properly predict the ordering of the excited states.

Beryllium Atom

Figure 6.2 reports a similar comparison for Beryllium atom. On the average the HF excitation
energies differ by 0.075 h, the LDA, BLYP, and PBE values differ by 0.050-0.070, and the B3LYP
values differ by 0.038 h. In contrast, the EXX values differ by only 0.004 h, nearly a factor of ten
smaller average difference than the best of the standard DFTs. Moreover, as was seen in He, the
OEP excitation energies differ from the QMC values by a constant shift, whereas the LDA, GGA,
and HF values fluctuate much more about their averages. The figure illustrates that not only does
the EXX perform better on the average, but that each individual excitation value once again differs
from the exact levels by a small, nearly constant shift.
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Figure 6.1. A comparison of the excitation energies for differ-
ent states of Helium atom, using the Hartree-Fock (HF) method,
and density functional theory using the LDA, BLYP, PBE, B3LYP
functionals, as well as the EXX and EXX-GVB method develop in
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Figure 6.2. A comparison of the excitation energies for different

states of Beryllium atom, using the Hartree-Fock (HF) method,
and density functional theory using the LDA, BLYP, PBE, B3LYP

functionals, as well as the EXX method develop in this LDRD
project.
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Figure 6.3. A comparison of the dissociation behavior of differ-
ent density functionals showing that traditional gradient-corrected
density functionals (BLYP), hybrid functionals (B3LYP), and even
simple OEP/EXX functionals produce energies that are incorrect
for molecular hydrogen at geometries with stretched H-H bonds.
In contrast, a method from the current work (EXX/GVB) does in
fact produces correct energies for the stretched hydrogen geome-
tries.

Hydrogen Molecule

The limitations of the Hartree-Fock wave function for describing partially bonded electronic con-
figurations are well known: the single electronic configuration limits the ways the wave function
can be variationally minimized, and thus the energies from Hartree-Fock wave functions do not
approach twice the energy of a single H atom as they should. Figure 6.3 shows energies (eV) for
molecular hydrogen as the H-H distana?é (s increased. Several things are notable about this
figure. First, the GGA and Hybrid DFT approaches also dissociate to the incorrect limit, even
though, being DFT approaches, they don't necessarily suffer from the same limitations. Further-
more, the EXX approach alone dissociates to the same limit that the HF approach would. In the
examples above with He and Be atoms, using EXX “fixed” many of the inconsistencies of using
a HF wave function, but this is not the case for dissociating chemical bonds. Thirdly, we see that
a solution comes from using not a pure Hartree-Fock method in our optimized effective potential
optimization, but a correlated wave function approach [22, 25], which then does dissociate to the
proper limit.
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Figure 6.4. A comparison of the band gaps versus temperature
using the Hartree-Fock (blue), LDA (green) and EXX (red) meth-
ods. Note that the band gap of the EXX method approaches the
LDA method at sufficiently high temperatures.

Finite Temperature EXX Simulations

One of our primary motivations for developing an exact exchange capability for DFT calculations
as a tool for correcting the systematic errors in the DFT band-gap in finite-temperature molecular
dynamics calculations. Thus, realistic performance at finite-temperature is very important to our
work. Figure 6.4 shows a comparison of the HF, LDA, and EXX band gaps for Helium atom.
Hartree-Fock methods systematically overestimate the band gap, and LDA methods systematically
underestimate the band gap. The results from Figure 6.1 suggest that at zero temperture the EXX
results are very close to the correct values. Figure 6.4 shows that as we raise the temperature the
EXX results approach the LDA results, which are correct at sufficiently high temperature. This
study demonstrates that EXX band gaps have the correct behavior at low and at high temperatures.
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Chapter 7

Correlation compatible with Exact
Exchange

In order to explain the necessity of adding a compatible correlation to exact exchange (EXX) we
will use the jellium surface model system in an illustrative example. This model is obtained by
performing a self-consistent LDA calculation on a system where electrons move in an external
potential of a uniform positively charged background in halfspace. [26] The model itself can be
seen as a well-defined procedure to produce densities from which all other quantities can be deter-
mined using the Kohn-Sham equations [27] with the LDA exchange-correlation functional. The
non-homogeneous densities that define the model are expressed in the dimensionless parameter
rs = ag(3/(4mn)Y/3, wheren's the density of the positive background, amds the bohr radius.

The total system of positive background and electrons is neutral and the bulk electron density,
Npulk, far inside the half space positive background is then equal tdypical jellium surface

model densities are shown in Fig. 7.1.

Jelliumsurface densities fog£2.07and5.00

N/Npuik

1

0.
0.4
0.2

4
-20 -15 -10 -5 5 0

Figure 7.1. Examples of two jellium surface densities with differ-
entrs-values.rg = 2.07 corresponds to the valence electron density
in aluminum. Largers corresponds to lower density.
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Table 7.1.Exchange surface energies, in grg?, for the jellium
surface model. Mean absolute relative errors (mare) are compared
to the EXX results [28].

rs LDA PBE EXX
2.00 3036 2436 2624
2.07 2673 2125 2296
2.30 1808 1393 1521
2.66 1051 769 854
3.00 668 464 526
3.28 477 315 364
400 222 128 157
5.00 92 40 57
mare 29% 13% —

For a given jellium surface, that is, density, the only patihefenergy that changes using different
functionals g(r; [n]), is the exchange-correlation part, so we only examine this part of the energy.
An exchange-correlation surface energy is defined by subtracting the energy an equal amount of
electrons would have had in a uniform electron gas with the bulk density (this is equivalent to the
LDA expression):

O = [ n()[eclrs n]) ~ 62 (nou)ldz. (7.1)

This expression can be divided into an exchange and a correlatiowgart gy + dc. This division

is arbitrary, since only the fulby. is a physical quantity, not the separateanda.. We will here

follow the standard division and defilmg as the quantity obtained by insering the EXX functional
into Egn. 7.1. The correlation part is defined as 'the rest’ and need to be derived with methods
outside of DFT. Table 7.1 shows the jellium surface model surface exchange energies for the LDA,
PBE, and EXX exchange functionals. The EXX results are from Ref. [28]. EXX being the correct
result, the two other functionals are compared to the EXX results by calculation of the mean
absolute relative error, mare. As is seen, LDA deviates strongly from the correct answer with 29%
mare, while PBE is doing better with 13% mare. Taken out of perspective this discrepancy would
be sufficient to motivate the use of the much more computationally expensive EXX functional.
However, as pointed out before, the physical quantity is the full exchange-correlation energy, not
the separate exchange or correlation energies.

In Tab. 7.2, the surface correlation energies for the same jellium surface model is given. Here the
RPA+ is the best available approximation for the exact correlation energy [29]. As seen, also the
correlation is far off, in particular for LDA with a 63% mare from the RPA+ results. However,
combining exchange and correlation into the real physical quantity, results are given in Tab. 7.3,
the errors made in exchange and correlation are cancelling to the extent that LDA only has a 2%
error and actually is better than PBE, which had both the separate exchange and correlation better
than LDA. This effect is due to the LDA correlation being 'compatible’ with LDA exchange. Both

the LDA exchange and correlation are derived from a model system, the uniform electron gas, for
which LDA thus is the correct answer. Applying LDA to a non-uniform electron gas, such as the
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Table 7.2. Correlation surface energies, in gogr?, for the jel-
lium surface model. Mean absolute relative errors (mare) are com-
pared to the RPA+ results [29].

rs LDA PBE RPA+

2.00 317 827 789
2.07 287 754 719
2.30 210 567 539
2.66 136 381 360
3.00 95 275 255
3.28 72 215 199
4,00 39 124 111
5.00 19 67 56
mare 63% 8% —

jellium surface densities in Fig. 7.1, errors made in excledmgs a tendency to cancel with errors
made in the correlation as is seen in Tabs 7.1-7.3. PBE is not constructed from a model system and
thus does not have compatible exchange and correlation, see the tables.

Table 7.3.Exchange-correlation surface energies, iryeng?, for
the jellium surface model. Mean absolute relative errors (mare) are
compared to the EXX/RPA+ results.

rs LDA PBE EXX/RPA+

2.00 3354 3264 3413
2.07 2960 2879 3015
2.30 2019 1960 2060
2.66 1187 1150 1214
3.00 763 739 781
3.28 549 530 563
400 261 252 268
5.00 111 107 113
mare 2% 5% —

So, what correlation should be used for EXX? Let us examingelhiem surface model again. If

we use no correlation at all, thus approximating the EXX/RPA+ numbers in Tab. 7.3 with the EXX
numbers in Tab. 7.1, we would make errors between 23 and 50%, with a mare of 33%. Combining
the EXX in Tab. 7.1 with LDA/PBE correlation in Tab. 7.2 would make errors betweé¢n add
33/10%, mare 213%. It would thus be reasonable to use PBE correlation together with EXX.
This exercise shows that the usual practice of adding no or LDA correlation to EXX results is not
well founded.

We will now proceed and use the jellium surface model system to construct a partially compatible
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correlation for EXX by parametrizing the RPA+ correlationTiab. 7.2. We will follow approx-
imately the same procedure as in [30]. We will use an index dependent on the dimensionless
density gradient paramets? = |[n|2/(4(31%)%/3n/3) to interpolating between “interior's(= 0,

LDA correlation, index=1) and edge regia{ oo, index=0):

XIDX(s?) = 1—c&/(cS+1) (7.2)
FIDX(s?) = 2/(1+exps/t)) (7.3)

These two possible indices are shown in Fig. 7.2, for the valuesanfidt obtained in the fits
described below. Th¥IDX index is used in the amO05 functional[30].

XI DX (c=1.4805, bl ue)
FI DX (t=0.3123, red)

Figure 7.2. Examples of two possible indices to interpolate be-
tween 'interior’ (LDA correlation, index=1) and edge region (in-
dex=0) .

For the interior region, far from the surface, where the density is slowly varying (see Fig. 7.1),
LDA correlation (LDAC) is a suitable functional. For the edge region we will use a scaled LDA
correlation, with the scaling set by fitting. The two correlation functionals we here construct thus
have the following form:

EXXdn,s) = IDX(s?) * LDAG(N) + (1— IDX (s9)) * (g1 + Qo+ rs(n)) «LDAC(n) ,  (7.4)

wherelDX is eitherXIDX or FIDX from Egn. 7.3, andy; and gy are fitting constants. Note

also thatrs here is calculated from the local density, not the bulk/positive background density as
above. In the construction of am05 [30] only one scaling constantyas used, but to accurately
represent the RPA+ data in Tab. 7.2, two fitting constants are needed. Also note that we correctly
would obtain the LDAc for a uniform electron gas system whegre- 0, sincelDX (0) = 1 by
construction.
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The constantsgi, 02, c) for EXXXcand(gi1,gz,t) for EXXFg are fitted by non-linear fitting to

the RPA+ data in Tab. 7.2. In this case we use the PW parametrization [31] of the LDAc. The
PZ correlation [32] would be equally suitable but would give slightly different values of the fitting
parameters. Both forms of the index give equally good fits and reproduces the RPA+ results in
Tab. 7.2 to within error barsi1 erg/cn?). The constants take the values

EXXXC : (g1,0,¢) = (0.022450.036721.4805) , (7.5)
EXXFc : (g1,0,t) = (0.30600.041080.3123) . (7.6)

In order to compare the two here created correlation functionals with GGA correlations (PBEc [33]
and PW91c [34]) and the PW [31] and PZ [32] parametrizations of Ceperley and Alder's Monte
Carlo derived LDA correlation [35], we examine the accumulated surface correlation energy ob-
tained from the correlation part of the integrand in Egn. 7.1 integrated frento z. This accumu-

lated surface correlation energy is shown in Fig. 7.3 for the samedwalues as in Fig. 7.1. It is
clearly seen that scaling the LDA correlation in the edge region ntakesX candE X X Fcbehave

like the GGA correlations even though the derivation of the here presented correlation functionals
has nothing in common with the derivation of the PBEc and PW91c. We also see that the main
difference from the GGA correlations is picked up outside of the surface. It is also interesting to
note that despite that the indices in Egn. 7.3 are quite different (see also Fig. 7.2) the final results
are very similar. A final, obvious, observation is that the accumulated surface correlation indeed
converge towards the RPA+ values that the full integrals were fitted to.

We have constructed two correlation functionals that reproduce the correct correlation in two model
systems, the uniform electron gas and the jellium surface system. This correlation is thus par-
tially compatible with EXX. The two correlation functionals seems to reproduce GGA results for
moderate values af. Full and realistic testing is needed before any final conclusions about the
performance of these two correlation functionals can be made.

59



Accunul at ed surface correlation energy for rg=2.07 (Al).
PW (bl ack), PZ (violet), PBEc (green),

PWi1c (light green), EXXXc (blue), and EXXFc (red).
Dashed line is RPA+.

integrated from -« to z

(@) rs=2.07.

Accunul ated surface correlation energy for rg=5.
PW (bl ack), PZ (violet), PBEc (green),

PW1c (light green), EXXXc (blue), and EXXFc (red).
Dashed line is RPA+.

integrated from -« to z

30/

(b) rs = 5.00.

Figure 7.3. Accumulated surface correlation energy.
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Appendix A

Expressions for the Exchange Energy and
Exchange Derivative

Implementation of the exact-exchange, optimized-effective-potential technique in
Socorro required us to write subroutines for computing the exchange energy and the
derivative of the exchange energy with respect to a Kohn-Sham function. A significant
challenge was to deal with the integrable divergences that arise in the expressions for
these quantities. The expression for the exchange energy is derived first below and we
discuss the treatment of the integrable divergence. The expression for the derivative of
the exchange energy is then derived further below. In these derivations, p(r,r") is the one

electron density matrix at r and r’,

pl(l’, r’) = ez fn,k¢:,k(r)¢n,k (r’),

k
where ¢, , (r) is a Kohn-Sham function,

B (1) = Uy (P

f. . Is its occupation, and e is the electron charge which is equal to 72 in Rydberg
atomic units. The exchange energy, E,, is then

E, :—EI'Ol(r'r,)’of(r'r,)dsrdsr’
2 Ir=r

— _%zz fn,k fngk' J ¢:,k(r)¢n,k(r|r")¢nr:,ll|<'(r)¢:’,k'(r')d3rd3r;
L }

2 * r ’
= _e_zz fn,k fn’,k’ J. Uy e (r)u:,k(r)eii(kik')-r .[ un,Yk,(r )ur:'k(r )ei(kik’)‘r’dsr' d’r
2 - Ir—r
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, !/

- _%ZZ fn,k fn',k' ,[ h:',k',n,k(r)eii(kiky)‘r J‘Mei(kk').r,d%}dgr
n n' -
k k'

r=r]

Ir=rf

e’ * —i(kek?) I gl
=_?ZZ Focfore J My i (VB (o Zhn’,k',n,k(G).[—yd3r:|d3r
n n' 15
k k'

- _Zﬂezzz foi fore .[ h;’,k',n,k (r)3i(kk’)'r{z—hnl'k,’n'k(e) ei(kk'+G)'r‘d3r
Kk

o |k —k'+G

* hn' n G iGr
:—Zﬂezzn:% fo Foie f i (F _gﬁeﬁ ‘dsr

k k

= _Zﬂezzz fn,k fn’,k’ J. h:’,k’,n,k (r ZHn’,k’,n,k(G)eiG'rstr
n n L G

k k

= _Zﬂezzz fn,k fn’,k’ J h:',k’,n,k(r)Hn',k’,n,k(r)d3r

k Kk

We next discuss the treatment of the integrable divergence that appears in this
expression. In DFT plane wave calculations, u,, () is normalized over a cell volume (Q)

and is constrained to be orthogonal to u,.,(r) when n’ = n. As such, the integrals of
Ny nnk () and h_ . (r) over the cell volume - h,_ .. (G=0)and h,. .. (G=0)
— have the values 1 and 0, respectively. In the latter case, the terms H (G=0)will
also be equal to 0 and the numerical problem of dividing by |G|2 =0 is avoided by
skipping them. In the former case, the terms H _,, ., (G =0) are undefined and thus

require special treatment. To treat these terms, | begin by separating them from the
others:

n n’ S

k k

n'#n,k,nk
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PR foo | knk(r{Zannk(G)e'Gr}d r

k k'=k

' ZZ fn,k fn’,k J. h:'vkv”’k(r{zHn',k,n,k(G)eiG-r:|d3I’
non .
k

S0 AN (W) SUBRC R

k k'#k

n n'zn

S [ knk(r{ZHn knk(G)e'Gf}

+ Z fn,k fn,k J. h:,k,n,k(r{zHn,k,n,k(G)eiG‘r:|d3r
n G
k

=2 Y it ] nknk(r{Zannk(G)e'ﬂ

k k'#k

+ Z z fn,k fn',k J- h:',k,n,k (r{z Hn,’k’n’k(GkiG.r:|d3r

n n'zn G=0
k

+ Z fn,k fn,k j h:,k,n,k(r{zHn,k,n,k(G)eiG‘r}dsr

G=0

k
+ Z fox fok [Hn,k,n,k(G = 0)]_[ N i (DA
K

IR foo ] knk(r{Zannk(G)e'GrJd r

k k'=k

+ZZ A knk(r{an GE }

G=0

+ Z fn,k fn,k [Hn,k,n,k(G = 0)]_'. h:,k,n,k(r)jar
k

The divergent terms are in the final sum in the expression above. Gygi and
Baldereschi [PRB 34, 4405 (1986)] noted similar divergent terms in their expressions for
the matrix elements of the Hartree-Fock exchange operator in the reciprocal space
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representation. They noted that the divergence is integrable in that the analytic integral of
H, .« (G = 0) over the Brillouin zone is finite. Given this, they replaced the divergent
terms as shown below:

H, k(G =0)=h,,,(G=0) | F@@)dg- Y F(k —k”)}

k"#k

= by (G=0) | F(a)dq - ZF(k")}

k"#0

where F is a function which is periodic in reciprocal space, has the same type (i.e. |q|_2)
of divergence as H_, ., (G=0), and is sufficiently smooth that it can be numerically

integrated using a modest number of points in the Brillouin zone. I note that the k-point
mesh used to perform the (partial) numerical integration of F does not have to be the
same mesh on which the wave functions are computed. As such, this replacement allows
for calculations at a single k-point in the Brillouin zone. The expression given above for
the exchange energy is then written as

E -2’ Zz fofoi j h:',k’,n,k(r{Z Ho wonk (G)eiG.r}dW
non' ¢

k k'=k

+ zz fn,k fn',k .[ h:',k,n,k (r{an',k,n,k(G)eiG'r:|d3r
¢ "

G=0

(G = o{j F@Q)dq- ZF(k”)}J‘ e ()%

Bz k"#0
k

=27 DD o o | MmO s (OF°F

k k'=k

+ ZZ forfok ,[ h:',k,n,k(r)ﬁn’,k,n,k(r)jgr
P

(e 0)(2[ [ Fg)dq - ZF(k”)}

Bz k"=0

+z fn,k fn,k

k
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—_Zﬂe sznk n’ k' nknk+zzfnk n' k nknk

k k¢k

+Z fn,k fn,k
k

onsc (G = 0) [ [ F@)dq - ZF(k”)}

k"#0

We next derive the expression for the derivative of the exchange energy with
respect to a Kohn-Sham function.

Qg (r) 2

:_ nszn k¢nk(r{-|‘ ¢nk(r)¢n

1 aEx _ € fnkjpl(r|: )¢nk(r)d3r/

(1) r}

_e_2 f kz fool (r)eik . J Un K (I’ )un k(r '(kk’)r’dsr}
2 T r—r
"

2 !
= —% fn,kz foUn e (r)eik"r J hn’|,k’,n,k$r )ei(kk’)4r'd3r/:|
n' -

K’

2

. i(k-k"+G)-r’
Z_% fn,kz fn',k'un',k’(r)elk r Zh" K k(G)I : :|

n’
K’

0 N I (c) R
—2me?f foou (e n'k',nk qi(k-k'+G)r
n,kZ n'k n,k()e ‘V§|k—k,+G|2 J

K’

hsene(©) or L
=_272er f.ou.., n’,k’,n,k iG-r pik-r
n,kz n',k un k (I" _ZG:“( _ k—e'+ G|2 }

n’
K’

= —27[82 fn,kz fn',k'un',k’(r Z Hn’,k',n,k(GkiG'r}ik'r
' L G

n
K’
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= —27292 fn,kz fn’,k’un’,k’(r)Hn',k',n,k(rﬁikAr

n
Then

1_&E,
Qauy ()

= _Zﬂez fn,kz fn',k’un’,k'(r)H”'»k’vnvk(r)

K’

The treatment of the integrable divergence in this expression proceeds in the same way as
noted above for the exchange energy. | begin by separating the divergent term from the
others:

z fn’,k’un’,k’ ('iz Hn’,k’,n,k (G)eiG'rJ
n’ G
K

= Z fn’,k’un’,k’(r ZHn’,kgn,k(G)eiGIr + Z fn’,kun’,k(rizHn',k,n,k(G)aiG‘rJ
L G

n' | n’ G
k'=k

= Z fn’,k’un’,k'(r ZHn’,kgn,k(G)eiGAr + Z fn’,kun',k(r{zan,k,n,k(G)eiG‘r:|
L G

n' - n'#n G
k'#k

+ fn,kun,k(r{z Hn,k,n,k(G)eiG-ri|
G

= Z fn’,k'un',k'(r{ZHn’,k',n,k(G)eiG-r:|+ Z fn',kun',k(r{zHn',k,n,k(G)eiG'r:|
G

n' n'#n G=0
k'=k

+ fn,kun,k(r{zHn,k,n,k(G)eiG'r:|+ fn,kun,k(r)Hn,k,n,k(G = O)

G=0

= z fn’,k’un’,k'('i‘zHn',k',n,k(G)eiGArJ“‘ z fn’,kun’,k(ri‘zHn’,k,n,k(G)eiG-rJ
G n'

n G=0
k'=k

+ fn,kun,k(r)Hn,k,n,k(G = 0)

The divergent term is in the final sum in the expression above. As explained
above, Gygi and Baldereschi [PRB 34, 4405 (1986)] noted similar divergent terms in
their expressions for the matrix elements of the Hartree-Fock exchange operator in the
reciprocal space representation. They further noted that the divergence is integrable in
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that the analytic integral of H_, . (G = 0) over the Brillouin zone is finite. Given this,
they replaced the divergent term as shown below:

Honk(G=0)=h,,,, (G=0 .[ F(@)dg - ZF(k _kﬂ)}

k"=k

= by, (G=0) | F(a)dq - ZF(k")}

k"#0

where F is a function which is periodic in reciprocal space, has the same type (i.e. |q|72)
of divergence as H,,,,(G=0), and is sufficiently smooth that it can be numerically

integrated using a modest number of points in the Brillouin zone. | note that the k-point
mesh used to perform the numerical integration of F does not have to be the same mesh
on which the wave functions are computed. As such, this replacement allows for
calculations at a single k-point in the Brillouin zone. The expression given above for the
exchange derivative is then written as

1 oE,

- :_2 2f f,, . H" G iGr
Qé’u:k(r) e n,k nz n',k un,k (r{§ n,k,n,k( )e :|

k'=k

+ z fn',kun',k (r{z Hn’,k,n,k (G)eiG‘r}

G=0

+ fn,kun,k(r)hn,k,n,k(G = O{.[ F(q)dq - ZF(k")}

BZ k"#0

n
k'#k

= —27292 fn,k Z fn’,k’un’,k’ (r)Hn’,k’,n,k (r)+ Z fn’,kun’,k (r)l:ln’,k,n,k(r)

+ fn,kun,k(r)hn,k,n,k(G = O{j F(q)dq - kZF(k"):|}

BZ

= —27262 fn,k z fn’,k’Dn’,k',n,k(r)+ z fn’,k|5n’,k,n,k (r)

n
k'#k

U (O (G =0) | F@)dg— S F (k)

Bz k"0
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To complete this section, we comment on the possibility of alaising errors. Note
that whereas u, ,(G)=0 for |G|>G, .., h,.«(G) and H, ... (G) can be non-zero for
G|<2G,,, and D,,..(G) can be non-zero for |G|<3G,,,. Furthermore, the mesh
typically used in a DFT plane wave calculation is only able to resolve functions having
non-zero Fourier coefficients for |G|<2G,,,. As such, D,.,.,,(r) will not be resolved

and D,.,.,(G) will therefore contain aliasing errors for G, <|G|<2G,,,,. This is not a
problem in practice because only D,.,.,,(G) for |G|<G,,, are needed to update u,,(G)

and these coefficients do not contain aliasing errors. (The same comments apply to LDA
and GGA exchange derivatives.)
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