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Abstract

Electronic structure calculations have become an indispensable tool in many areas of materials
science and quantum chemistry. Even though the Kohn—Sham formulation of the
density-functional theory (DFT) simplifies the many-body problem significantly, one is still
confronted with several numerical challenges. In this article we present the projector
augmented-wave (PAW) method as implemented in the GPAW program package (https://wiki.
fysik.dtu.dk/gpaw) using a uniform real-space grid representation of the electronic
wavefunctions. Compared to more traditional plane wave or localized basis set approaches,
real-space grids offer several advantages, most notably good computational scalability and
systematic convergence properties. However, as a unique feature GPAW also facilitates a
localized atomic-orbital basis set in addition to the grid. The efficient atomic basis set is
complementary to the more accurate grid, and the possibility to seamlessly switch between the
two representations provides great flexibility. While DFT allows one to study ground state
properties, time-dependent density-functional theory (TDDFT) provides access to the excited
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states. We have implemented the two common formulations of TDDFT, namely the
linear-response and the time propagation schemes. Electron transport calculations under
finite-bias conditions can be performed with GPAW using non-equilibrium Green functions and
the localized basis set. In addition to the basic features of the real-space PAW method, we also
describe the implementation of selected exchange—correlation functionals, parallelization
schemes, ASCF-method, x-ray absorption spectra, and maximally localized Wannier orbitals.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Electronic structure calculations have become an indispensable
tool for simulations of condensed-matter systems. Nowadays
systems ranging from atoms and small molecules to
nanostructures with several hundreds of atoms are studied
routinely with density-functional theory (DFT) [1, 2].

In principle, only ground state properties such as total
energies and equilibrium geometries can be investigated with
DFT. However, several interesting material properties such as
excitation energies and optical spectra are related to the excited
states of a system. These excited state properties can be studied
with time-dependent density-functional theory (TDDFT) [3].

Even though the DFT equations are much easier
to solve than the full many-body Schrédinger equation,

several numerical approximations are usually made. The
approximations can be related to the treatment of core electrons
and the region near the atomic nuclei (pseudopotential versus
all-electron methods) [4—8] or to the discretization of equations
(plane waves, localized orbitals, real-space grids, finite
elements) [9-19]. In this work, we present a real-space-
based implementation of the projector augmented-wave (PAW)
method in the open-source program package GPAW [20]. We
note that there are several software packages that currently
implement the PAW method using a plane-wave basis [21-23].

The PAW method [7, 24] is formally an all-electron
method which provides an exact transformation between the
smooth pseudo-wavefunctions and the all-electron wavefunc-
tions. While in practical implementations the PAW method
resembles pseudopotential methods, it addresses several short-
comings of norm-conserving or ultrasoft pseudopotentials.
The PAW method offers a reliable description over the whole
periodic table with good transferability of PAW potentials.
The pseudo-wavefunctions in the PAW method are typically
smoother compared to norm-conserving pseudopotential meth-
ods so that the wavefunctions can be represented with fewer
degrees of freedom. The PAW approximation contains all the
information about the nodal structure of wavefunctions near the
nuclei, and it is always possible to reconstruct the all-electron
wavefunctions from the pseudo-wavefunctions.

In the solid state community, plane-wave basis sets
[9, 22, 25, 26] are the most popular choice for discretizing the
density-functional equations while localized basis sets [11, 27]
have been more popular in quantum chemistry. A more recent
approach is the use of uniform real-space grids [13, 28-30].
Real-space methods provide several advantages over plane
A plane-wave basis imposes periodic boundary
conditions, while a real-space grid can flexibly treat both free
and periodic boundary conditions. The plane-wave method
relies heavily on fast Fourier transforms, which are difficult
to parallelize efficiently due to the non-local nature of the
operations. On the other hand, in real space it is possible
to work entirely with local and semi-local operations, which
enables efficient parallelization with small communication
overhead. The accuracy of a real-space representation can
be increased systematically by decreasing the grid spacing,
similar to increasing the kinetic energy cutoff in a plane-
wave calculation. This systematic improvement of accuracy
is also the main advantage of both real-space and plane-wave
methods compared to localized basis sets, where the accuracy
of representation cannot be controlled as systematically.
However, as localized functions can provide a very compact
basis set, we have also implemented atom-centered basis

waves.
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functions for situations where the high accuracy of a real-
space grid is not needed. The atom-centered basis is especially
convenient in the context of electron transport calculations
within the non-equilibrium Green function approach also
implemented in GPAW. To our knowledge, GPAW is the first
publicly available package to implement the PAW method with
uniform real-space grids and atom-centered localized orbitals.

In tandem with numerical approximations, physical
approximations are needed in DFT since the exact form
of the exchange—correlation (XC) functional is unknown.
The traditional local density and generalized gradient
approximations have been surprisingly successful, but due to
well-known shortcomings, there are continuing efforts to go
beyond them. Some of the new developments in this field,
such as meta-GGA and exact-exchange-based approximations
are available in GPAW.

Time-dependent density-functional theory (TDDFT) can
be realized in two different formalism. In the most general
form, the time-dependent Kohn—Sham equations are integrated
over the time-domain [31]. In the linear-response regime
it is also possible to obtain excitation energies by solving
a matrix equation in an electron—hole basis [32]. The
real-time propagation and the linear-response approaches are
complementary. For example, the linear-response scheme
provides all the excitations in a single calculation, while the
real-time formalism provides the excitations corresponding to
a given initial perturbation. On the other hand, the real-time
propagation scheme can also address non-linear effects. While
the linear-response scheme is more efficient for small systems,
the real-time propagation approach scales more favorably with
system size. Both the linear-response and real-time forms are
implemented in GPAW, to our knowledge for the first time
within the PAW method.

In addition to the standard total energy calculations,
GPAW contains several more specific features. For
example, excitation energies can be estimated with the ASCF
method [33] as an alternative to the TDDFT approaches. X-ray
absorption spectra and maximally localized Wannier functions
can also be calculated.

This article is organized as follows. First, the general
features of the PAW method and the implementation on a real-
space grid are described in section 2. In section 3 we give
an overview of the different exchange—correlation functionals
available, and in section 4 we discuss a recent method for error
estimations within DFT. An overview of TDDFT is presented
in section 5, and the localized basis set and its use in finite-bias
transport calculations are described in section 6. In section 7,
other features, such as ASCF, x-ray absorption spectra and
Wannier functions are described. The parallelization strategy
and parallel scaling are presented in section 8. Finally, we
provide a summary and an outlook in section 9.

2. General overview

In this section, we present the main features of our PAW
implementation. Some of the details have been published
earlier [34], so we provide here a general overview and discuss
in more detail only the parts where our approach has changed
from the earlier publication. The notation is similar to the one

used in the original references [7]. We use Hartree atomic units
h=m=¢e= t—z = 1) throughout the article. Generally,
the equations are written for the case of a spin-paired and
finite system of electrons and the spin and k-point indices are

included when necessary.

2.1. Projector augmented-wave method

In the Kohn-Sham formulation of DFT, we work with
single-particle all-electron wavefunctions to describe core,
semi-core and valence states. The PAW method is a
linear transformation between smooth valence (and semi-core)
pseudo (PS) wavefunctions, 1/~/,, (n is the state index) and all-
electron (AE) wavefunctions, v,,. The core states of the atoms,
@7, are fixed to the reference shape for the isolated atom.
Here a is an atomic index and i is a combination index for the
principal, angular momentum, and magnetic quantum numbers
respectively (n, £ and m). Note, that the PAW method can be
extended beyond the frozen core approximation [35], but we
have not done that.

Given a smooth PS wavefunction, the corresponding AE
wavefunction, which is orthogonal to the set of ¢’ orbitals,
can be obtained through a linear transformation

Y (6) = T, (x). (1

The transformation operator, T , is given in terms of atom-
centered AE partial waves, ¢/ (r), the corresponding smooth

partial waves, ¢~Sl" (r), and projector functions, p{ (r), as
T=14YY (6{) = 1! NB, )
a i

where atom a is at the position R. The defining properties
of the atom-centered functions are that AE partial waves
and smooth PS partial waves are equal outside atom-centered
augmentation spheres of radii r{,

B (r) = gL (r),

and that the projector functions are localized inside the
augmentation spheres and are orthogonal to the PS partial
waves

r — R > r¢ 3)

(Pi|BL) = Biyiy. 4
In principle, an infinite number of atom-centered partial
waves and projectors is required for the PAW transformation
to be exact. However, in practical calculations it is usually
enough to include one or two functions per angular momentum
channel. The projectors and partial waves are constructed from
an AE calculation for a spherically symmetric atom.
Inside the augmentation sphere of atom a, we can define
one-center expansions of an AE and PS state as [7]

Yir) =) Phgi(r) (5)

and

Yo = PLgim), (6)
i
where the expansion coefficients are

P = (1Y) @)
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For a complete set of partial waves, we have ¥, = v and
Y, = ¥ for [r — RY| < r¢, which leads to

Yo =Y+ Y (W — ). ®)
a
Here, the term in the parenthesis is a correction inside the

augmentation spheres only.
We define a PS electron density

i) =" fultm@ + Y _Al(r), ©)

where f;, are occupation numbers between O and 2, and 7 is a
smooth PS core density equal to the AE core density n¢ outside
the augmentation sphere. From the atomic density matrix Dj

D{, = Z (Ul B o (P 1), (10)

we define one-center expansions of the AE and PS densities,

n‘(r) = ZD,,,,¢,,(r>¢g(r)+n‘;(r>, (11)
and

i(r) = ZD,,,,¢,,(r>¢,2(r)+ 4(r), (12)
respectively.

From 7, n* and n%, we can construct the AE density in
terms of a smooth part and atom-centered corrections

n(r) =)+ Y (n"(r) — i (). (13)

The PAW total energy expression has three contributions:
kinetic, Coulomb and XC energy, all of which are composed
of a PS part and atomic corrections. For the kinetic energy, we
get
Eiin = —1 an / dr 7, (r) V2405 (), (14)

core

2Z/dr¢“(r)v ¢°(r)

-1y g, / dr (¢ () V21 (r) — f (1) V2. ().

ijip

AEliiin =

15)

Before we can write down the expression for the PAW
Coulomb energy, we must define one-center AE and PS charge
densities

p*(r) =n"(r) — Z*6(r — RY),

AUy = ii(r) + Y 04,80, (1),
tm

(16)
a7

where Z¢ is the atomic number of atom a, g{, (r) = g/ (|r —
R Yy, (r — RY) is a shape function localized inside the
augmentation sphere fulfilling [ r2drrt gi(r) =1, and 0,
are multipole moments that we choose as described below. We
define a PS charge density as

A =i(r)+ Y > 04,86, (18)
a {¢m

so that the AE charge density is p = g + ) _,(p* — p%).
By choosing Qf,, so that p¢ and p“ have the same multipole
moments, augmentation spheres on different atoms will be
electrostatically decoupled and the Coulomb energy is simply

5 1 5(r) 5 (r
Eeon = —/drdr/w, (19)
2 r—1|
Lo PP () — (1) ()
AEcoul - E/dl’dl‘/ r—r| . (20)

For local and semi-local XC functionals, the contributions to
the XC energy is

Ey = Exc[ﬁ]a (21)
AEy, = Exc[n"] — Ex[i“]. (22)

There is one extra term in the PAW total energy expression
which does not have a physical origin

Epero = / drii(r) Y v(r),

AES, = —/drﬁ“(r)ﬁ“(r).

The only restriction in the choice of the so called zero potential
(or local potential) v is that it must be zero outside the
augmentation sphere of atom a. For a complete set of partial
waves and projectors, Zem—i—z AEY, is exactly zero, but for
practical calculations with a finite number of partial waves and
projector functions, v* can be used to improve the accuracy of
a PAW calculation [36].
The final expression for the energy is

(23)

(24)

E=E+ Z AE“ (25)
a
= Ekln + Ecoul + Exc + Ezero
+ Z(AEkm + AEcoul + AEa + AEzaem) (26)

The smooth PS wavefunctions v, are orthonormal only with
respect to the PAW overlap operator S: (wn|S|wm) = Sum,»

where
S= T*T—1+22|p,lmsg,z Pl 27
l]l‘)
ASf, = (06 161) — (B0 165)- (28)
This leads to the generalized eigenproblem
H, = €59, (29)
where
A= 1v2+v+22|p,I>AH;j,z (i, (30)
dAE“? - ap(r)
HY = dr Ucou , 31
iy aDlallz / Irv, ](l')aDlall2 ( )
and the effective potential
SE
ﬁz_..:ﬁcou +ﬁxc+ ﬁa, 32
57 1 ; (32)

where the Coulomb potential satisfies the Poisson equation
V20eou = —47 p and Dy is the XC potential.
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2.2. Atomic setups

For each type of atom, we construct an atomic setup consisting
of the following quantities: ¢;', ~f‘, pi,ng, ng, 8em, V* and ré.
From a scalar-relativistic reference calculation for the isolated
neutral spin-paired spherically symmetric atom, we calculate
the required AE partial waves ¢;' and the core density n.
We choose a cutoff radius r{ for the augmentation sphere and
a shape for gg,,, which is usually a Gaussian. The smooth
PS partial waves (;;f‘ and the smooth PS core density n¢ are
constructed by smooth continuation of ¢ and n¢, respectively,
inside the augmentation sphere. The projector functions p{
are constructed as described in [7] and v* is chosen so that
the effective potential v becomes as smooth as possible or to
produce good scattering of f-states [36]. For more details,
see [34].

All the functions in an atomic setup are of the form of
a radial function times spherical harmonics and each radial
function is tabulated on a radial grid. Since ¢{ and n¢ can
contain tightly bound localized electrons, the radial grid used
has a higher grid density close to r = 0 than further from the
nucleus (weuse r; = Bi /(N —i) fori =0,1,..., N). All the
functions comprising a setup need only be known for r < r¢,
except for q~bf‘ and 7, which are used also for initialization of
wavefunctions and density.

2.3. Uniform 3d real-space grids

Uniform real-space grids provide a simple discretization for the
Kohn—Sham and Poisson equations. Physical quantities such as
wavefunctions, densities, and potentials are represented by the
values at the grid points. Derivatives are calculated using finite
differences. The accuracy of discretization is determined by
the grid spacing and the finite difference approximations used
for the derivatives.

For a general unit cell with lattice vectors a, (o = 1,2, 3)
and N, grid points along the three directions, we define grid
spacing vectors h, = a,/N,. For an orthorhombic unit cell,
the Laplacian is discretized as

D N
VI =" Y bac) f(r+nhy) +OR*N),  (33)

a=1 n=—N

where D = 3, b, = 1/h2 and ¢! are the Nth order finite
difference coefficients for the second derivative expansion.

In the case of a non-orthorhombic unit cell, we extend
the set of grid spacing vectors with more nearest neighbor
directions. The D coefficients b, are determined by the
conventional method of undetermined coefficients, inserting
the six functions f(r) = x2, y2, z2, xy, yz, zx in equation (33)
and solving for b, at r = (0, 0, 0). The number of directions
needed to satisfy the six equations depends on the symmetry of
the lattice: For hexagonal or body-centered cubic symmetry,
D = 4 directions are needed, while D = 6 directions are used
for a face-centered cubic cell or a general unit cell without any
symmetry. This procedure allows for finite difference stencils
with only 1 + 2DN points, which is similar to the stencils
defined by Natan et al [37].

It must be noted that the performance of a given stencil is
to an extent structure-dependent. For example, for calculations
of individual molecules, where large gradients are present,
a more compact stencil may outperform a higher accuracy
but less compact one. However, good accuracy is typically
obtained for a combination of a grid spacing of # = 0.2 A
and a finite difference stencil with O(h®) error for the kinetic
energy.

The PS electron density is evaluated on the same grid as
the wavefunctions. It is then interpolated to a finer grid with
a grid spacing of h/2, where the XC energy and potential
are calculated. The fine grid is also used for constructing the
PS charge density and for solving the Poisson equation. The
discretization of the Poisson equation is done with a finite
difference stencil like equation (33) with an error of 0O(h®).
For orthorhombic unit cells a more compact Mehrstellen-type
stencil [16] can also be used for solving the Poisson equation.
The effective potential, equation (32), is then restricted to the
coarse grid where it can be applied to the wavefunctions.

Boundary conditions for the quantities represented on 3d
grids can be zero for an isolated system or periodic for a
periodic system (or any combination). When using k-point
sampling, a wavefunction can also have Bloch-type boundary
conditions B B '

Yuk(r + R) = 1ﬁrtk(l')ell(.R’

where R is any Bravais vector. For charged systems,
the boundary condition for vc, can be determined from a
multipole expansion.

(34)

2.4. Localized functions and Fourier filtering

Special care is needed when dealing with integrals involving
products of localized functions centered on an atom and
functions spanning the whole simulation cell. As an example,
consider the projection of a wavefunction onto a projector
function pf (r) = [’Z; ¢, IT=RD) Yy, 1, (r—R*) centered on atom
a. This integral is approximated by a sum over grid points:

(BLIT) = Bl (r) ¥ (ry) Av, (39)
g

where Av is the volume per grid point. In order to make the
integration as accurate as possible, it is important that the radial
function pj , (r) contains as few short wavelength components
as possible. To achieve this, we Fourier filter our projector
functions using the mask function technique [38]. Here,
the radial function is divided by a mask function that goes
smoothly to zero at approximately twice the original cutoff
radius. We use m (r) = exp(—yr?). After a Fourier transform,
the short wavelength components are cut off by multiplying the
spectrum by a smooth cutoff function. Transforming back to
real-space, the final result is obtained by multiplying by m (r),
which will remove the oscillating and decaying tail beyond the
cutoff of the chosen mask function.

In the PAW formalism, there are four different types
of localized functions that need to be evaluated on the grid
points: projector functions p{, the zero potential v, the shape
functions g¢,, (for the compensation charges), and the PS core
density n¢; we apply the mask function technique to p{ and
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v4. The radial part of the shape functions are chosen as
rte=@""" and are therefore optimally smooth [39], and the PS
core densities can always be chosen very smooth.

2.5. Iterative solution of eigenproblem

The Hamiltonian and overlap operators appearing in the
generalized eigenvalue problem equation (29) are large sparse
matrices in the real-space grid representation. Due to the large
size of the matrices, direct diagonalization schemes which
scale O(N?) with the matrix size are not tractable. On the other
hand, sparsity of the matrices makes iterative diagonalization
schemes [9, 40] appealing due to their dominant O(N?)
scaling.

We have implemented three different iterative eigen-
solvers which share some common ingredients: the residual
minimization method-direct inversion in iterative subspace
(RMM-DIIS) [41, 40], the conjugate gradient method [9, 42],
and Davidson’s method [43, 40]. A basic concept in all the
methods is the update of the eigenvectors ¥, with the residuals

=(H — &5V (36)
The convergence of iterative methods can be accelerated with
preconditioning, and we calculate preconditioned residuals
R, = PR,, by solving approximately a Poisson equation

IV?R, =R, 37)
with a multigrid method [16].

A subspace diagonalization is always performed before
the iteration steps. = The RMM-DIIS method does not
conserve the orthonormality of eigenvectors, and thus explicit
orthonormalization is done after each RMM-DIIS step. A good
initial guess for the wavefunctions is especially important for
the robustness of the RMM-DIIS algorithm. We take the initial
guess from an atomic orbital basis calculation, the details of
which are described in section 6.

2.6. Density mixing

During the self-consistency cycles both wavefunctions and
the density are updated iteratively. New PS density n(r)
and atomic density matrices Dy, are calculated from the
wavefunctions, equations (9) and (10) and mixed with the old
densities using Pulay’s method [44, 40].

Pulay’s method requires a good metric M for measuring
the change from input to output density (AﬁWl |An), where
ANl = TNy — Min, in order to determine the optimal linear
combination of old output densities. It is important that M
puts more weight on long wavelength changes, as these can
introduce charge sloshing in systems with many states at the
Fermi level [40], who, for example, use the metric

M=>"fla)q
q

where ¢; ~ 1 and |q) is a plane wave with wavevector q.
Expressed on a real-space grid, where |R) is a grid point at

with f, = a +q, ,
q*

(38)

R, we have

M = Z Mzgr |R)(R'], with Mrgr = Z [, TR,
RR q
(39
We would like to calculate scalar products from the density
on the real-space grid, but the non-locality of equation (39)
makes this intractable. We therefore seek a more local metric
M, which can be represented as a finite difference operator

ZZZC|R)R+V|

i=0 veV;

(40)

where V; is the set of vectors pointing to the ith nearest
neighbors of a grid point. We enforce M to be semi-local by
including only up to Nth nearest neighbors. In reciprocal space
M has matrix elements

fa=@MIq) =) ;Y gy

i veV;

4D

The coefficients ¢; should be determined so that equation (41)
mimics the behavior of f, in equation (38). This means that
fq should decay monotonically from a weight factor w > 1
at ¢ = 0-1 for the largest wavevectors at the zone boundary
in reciprocal space: f(f} hayaq) = 1 for |gy| < m/h and
lg:| < m/h. For an orthorhombic grid with grid spacing
h, including up to 3rd nearest neighbors, we can fulfil these
boundary conditions with the coefficients
w—1
2= 57>

32

w+7 w— 1
60:—7 61:—7

8 16

w—1
Cy = ——.

64

(42)

We find the metric to improve convergence significantly
when there are many states near the Fermi level. A value of
w = 100 seems to be a good choice.

3. Exchange—correlation functionals in GPAW

The exact form of the exchange—correlation (XC) functional
in the DFT is not known. Thus, it has to be approximated,
which constitutes the fundamental physical approximation in
practical calculations. GPAW provides several forms of XC
functionals ranging from the basic local density (LDA) and
generalized gradient (GGA) approximations to the more exotic
hybrid functionals; a van der Waals density-functional and the
Hubbard-corrected DFT + U are also available. For the basic
functionals GPAW uses libxc [45], which is an open-source
library of popular XC functionals: LDA, GGA, and meta-
GGA. The exchange and correlation parts of libxc can be freely
combined. In the following we describe the more advanced
functionals implemented in GPAW.

3.1. Meta-GGA

Meta-GGAs use the kinetic energy density in addition to
densities and density gradients in standard GGAs so that more
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of the known properties of the exact XC functional can be
fulfilled [46]. The kinetic energy density is defined as

) =3 LV @ (43)

The MGGAs currently implemented in GPAW [47—49] depend
on the reduced (dimensionless) quantities 7/7"¥0 and 7/7"W,
where

HEG

_ %(6n2)2/3n5/3

i (44)

is the kinetic energy density of the homogeneous electron gas
(HEG), and

2
o= 5)
8n
is the von Weizsicker (vW) kinetic energy density.
Just like the AE density, equation (13), the kinetic energy
density can be written as T = 7 + »_ (7 — 7¢), where the

smooth part is

) =1 LHIVE@F+ )T, (46)

and the atom-centered parts are
T(r) = 3 Z Di, Vi, (r) - Vi, (r) + 7/ (r), 47)
() =3 Df, Vi (x) - Vi, (r) + F(r). (48)

iip
The AE and PS core kinetic energy densities t¢(r) and 7¢(r)
are simple radial functions that are calculated during atomic
setup generation.

Currently, GPAW enables calculation of non-self-
consistent TPSS [47], revTPSS [49] and MO6-L [48] energies.
The use of PBE orbitals in non-self-consistent calculations of
atomization energies and bond lengths for small molecules has
been determined to be accurate [50]. In figure 1 the GPAW
atomization energies errors, with respect to experiments, are
reported both for the PBE and MGGA functionals. The
TPSS mean absolute error with respect to experimental values
obtained with GPAW is 0.13 eV, and this is consistent with the
value of 0.14 eV of [50]. All MGGA functionals employed
improve over the PBE atomization energies whose mean
absolute error is 0.33 eV.

3.2. Exact exchange

GPAW offers access to the Fock exchange energy (exact
exchange), as well as fractional inclusion of the Fock operator
in the hybrid XC functionals. The exact-exchange (EXX)
functional was implemented within the PAW method in a
plane-wave basis [51], but to the authors’ knowledge this is
the first implementation in a real-space PAW method. As the
PAW related expressions are independent of the basis, we refer
to [51] for their derivation, and sketch only the main features
here.
The EXX energy functional is given by

1 C
) Z fiﬂfjﬂKija,ija’

ijo

Exx = (49)

1.0 " "
«—e PBE
o8l +—+ TPSS
|| % revTPSS
v MO06-L
0.6
S o04r
)
w
4 02%F
]
0.0y
-0.2
-0.4

H2 LiH OH HF Li2 LiF Be2 CO N2 02 F2 P2 CI2

Figure 1. PBE, TPSS, revTPSS and M06-L non-self-consistent
atomization energies errors, with respect to experiments, calculated
with GPAW for small molecules, in eV. The MGGA GPAW values
are obtained from PBE orbitals at experimental geometries.
Experimental values are as in [50].

where i and j are the state indices, and o is the spin index. The
Coulomb matrix K€ is defined as

c drdr’ ,
Kijg]’klgz = (nij(rl |nkl(72) = T ijo (r)nklaz (r),
(50
where the orbital pair density is n;;, (r) = ¥ (1) s (r).
When i, j both refer to valence states, the pair density
can be partitioned into a smooth part and atom-centered

corrections, similar to the AE density in equation (13), as

Ir —r’|

Nijo = flijo + Y _ (1, — %), (51)
a
Due to the non-local nature of the Coulomb kernel 1/|r —
r'|, direct insertion of equation (51) into (50) leads to cross
terms between different augmentation spheres. The same
problem appeared already in the evaluation of the PAW
Coulomb energy, and it can be solved similarly by introducing
compensation charges (from now on we drop the spin indices
for brevity) _
Ziy =Y 04, 86,0, (52)
tm
which are chosen to electrostatically decouple the smooth
compensated pair densities
pij = iiij + Y Zf. (53)
a
The Coulomb matrix now has a simple partitioning in terms of
a smooth part and local corrections,
K = Bijl o) + ) AK G- (54)
a
We refer to [52] for the exact form of the correction term
AKS:ZI, which is also used to evaluate equation (20). We
note that the Coulomb matrix K ZC] « appears also in the linear-
response TDDFT (see section 5) and in the GW method [53].

The formally exact partitioning in equation (54) retains all
information about the nodal structure of the AE wavefunctions
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in the core region, which is important due to the non-local
probing of the Coulomb operator. In standard pseudopotential
schemes this information is lost, leading to an uncontrolled
approximation to K S -

As a technical issue, we note that integration over the
Coulomb kernel 1/|r — r’| is done by solving the associated
Poisson equation, V2§, j = —4m p;j, for the Coulomb potential.
However, the compensated pair densities p;; have a non-
zero total charge, which leads to an integrable singularity in
periodic systems. For periodic systems, the problem is solved
by subtracting a homogeneous background charge from the
pair densities and adding a correction term to the calculated
potential afterward [51, 54]. For non-periodic systems, the
Poisson equation is solved by adjusting the boundary values
according to the multipole expansion of the pair density.

Terms in the Coulomb matrix, where either i or j refers
to a core orbital, can be reduced to trivial functions of
the expansion coefficients P, equation (7). Although the
valence—core interaction is computationally trivial to include,
it is not unimportant, and we will return to the effect of
neglecting it, as it is unavailable in pseudopotential schemes.
The core—core exchange is simply a constant energy that can
be calculated once and for all for every atom given the frozen
core orbitals.

The Fock operator v (r, ') corresponding to the exact-
exchange energy functional of equation (49) is non-local, and
it is difficult to represent on any realistic grid. Fortunately, in
the iterative minimization schemes used in GPAW the explicit
form is never needed, but it suffices to evaluate only the action
of the operator on a wavefunction. By taking into account the
PAW transformation, the action on the PS wavefunction can be
derived by the relation.

Fb 1) = Ex/0 (W, (55)
which results in
Fid W) = mevnm(rwfm)
+ ZD “[Bam { P} 1. (56)

The computationally demanding first term is related to smooth
pseudo-quantities only, which can be accurately represented on
coarse grids, making it possible to do converged self-consistent
EXX calculations at a relatively modest cost. Applying
the Fock operator is, however, still expensive, as a Poisson
equation must be solved for all pairs of orbitals. The atomic
correction AvF depends both on v,, and on the set of
expansion coefficients P . The details of the derivation as well
as the exact form of the correctlon term can be found in [55].
As a benchmark of the implementation, and for comparing
the PBE and hybrid PBEO [56] functionals, we have
computed the atomization energies of the G2-1 database of
molecules [57] using these two functionals. The results are
compared to the experimental values as well as to the results
of the plane-wave PAW implementation VASP, and of the all-
electron atomic orbital code Gaussian 03, as reported in [S1].
The PBEO functional includes a fraction (25%) of
Fock exchange in PBE, which improves the agreement with

experiments significantly, as shown in figure 2. The figure
shows also that the different implementations deviate from
one another by less than 0.05 eV on average. The GPAW
PBEDO energies are all slightly too small because they have not
been geometry optimized with the hybrid functional (they are
evaluated at PBE geometries).

The importance of the valence—core exchange interaction
for this test suite is typically a few tenths of eV for the
atomization energy, but can induce a shift of several eV in the
eigenvalues of the frontier orbitals.

The difference in atomization energy between EXX
evaluated using PBE orbitals and self-consistent EXX orbitals
is less than 13 meV on average suggesting that PBE and HF
orbitals are very similar. The difference in self-consistency is
even less for PBEO. Also, for the eigenvalues of the EXX (or
PBEO) Hamiltonian the use of PBE orbitals has a small effect,
differences being less than 0.1 eV in the worst case (CO»).

3.3. GLLB approximation for the exact exchange

One drawback of the EXX approach is that the evaluation
of the Fock operator is computationally quite expensive.
Thus, it would be desirable to have computationally
inexpensive approximations to the exact exchange. One such
approximation (GLLB) is provided in [58], where the exchange
potential vy is separated into a screening part vg and a response
Pal't Urespy

vx(r) = vs(r) + Uresp (r), (57)

and the two parts are approximated independently.
In the original work vg is approximated with the GGA
exchange energy density € S5 of Becke [59]

2e96A (r; n)
n(r)

Using the common denominator approximation, exchange
scaling relations and asymptotic behavior, the response part is
approximated as

vs(r) = (58)

occ 2
>k \/—lwz(rn R

Uresp (r) =

where ¢; is the highest occupied eigenvalue. The coefficient
K[n] can be determined for the homogeneous electron gas,
where it is a constant

842
K = i ~ 0.382.
372

(60)

In addition to the above GLLB potential, we have
implemented an extension (GLLB-SC) which contains also
correlation and is targeted more to solids [60]. Instead
of the exchange potential, the whole exchange—correlation
potential vy (r) is separated into two parts. The screening
part is approximated now with the PBEsol [61] exchange—
correlation energy density and the response part contains also
the contribution from the PBEsol response potential,

Uresp (I‘) (6 1 )

ZK«/—WZ( )I 2}3}])5%1( )
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Figure 2. Calculated atomization energies using PBE (dotted) and PBEO (solid) functionals compared to experimental values (top) and to
VASP (bottom). GPAW PBEQ values are not geometry optimized (evaluated at PBE geometries).

An important property of the exact exchange—correlation
potential is the discontinuity at integer occupation numbers N,

Ase = limve (s N +8) —ve (@ N =) (62)
The derivative discontinuity is especially important for the
band gaps of semiconductors and insulators, as the true

quasiparticle band gap ESP is a sum of the Kohn—Sham band
gap E gs and the discontinuity [62, 63]

EX = ES + A (63)
Neither LDA nor GGA potentials exhibit the discontinuity,
which explains partly their failure in reproducing experimental
band gaps. On the other hand, in the GLLB and GLLB-SC
approximations one obtains an estimate for the discontinuity.
The reference energy &, in the GLLB response part changes
from ey to ey4+1 when approaching N from above, so that

inserting equation (59) into (62) gives the discontinuity

i (0]

64
(o) . (64)

Ax,resp(r) ZK(\/gN-H — & — \/8N — & )

The above expression for A, depends on spacial coordinates,
however, a constant value can be obtained from the first order
perturbation theory

A)c,re:sp = <\I"N+1|Ax,resp(r)|lI"N+l>~ (65)

Table 1. The minimum Kohn—Sham band gaps for LDA and
GLLB-SC together with derivative discontinuity and the
quasiparticle band gap of GLLB-SC. Experimental values are
from [64]. All values are in eV.

Material E ;(S (LDA) E ;(S Ay E SP Exp.
C 4.09 4.14 1.27 5.41 5.48
Si 0.443 0.68 0.32 1.00 1.17
GaAs 0.36 0.79 0.25 1.04 1.63
AlAs 1.34 1.67 0.82 2.49 2.32
LiF 8.775 10.87 4.09 1496 142
Ar 8.18 1028 4.69 1497 142

The calculated derivative discontinuities in the GLLB-SC
approximation and their effect on the calculated quasiparticle
band gaps are shown in table 1 for several materials. It can be
seen that GLLB-SC clearly improves the description of band
gaps in these systems.

3.4. van der Waals functional

van der Waals interactions are due to long range correlation
effects that are not included in GGA-type XC functionals. The
recently developed functional which includes van der Waals
interactions [65] (vdW-DF) is available in GPAW.

The vdW-DF is a sum of a GGA exchange and a
correlation term consisting of both short-ranged correlation
(evaluated in the local density approximation) and longer-
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ranged correlation (depending non-locally on the electron
density) [65]:

£ =} [ ar drn@p @i qron@). ©6)
where ¢ (d;, d») is the vdW-DF kernel, r1» = |r; — 3| and ¢4
and ¢, are the values of a universal function go(n(r), |Vn(r)|)
evaluated at the two points r; and r;. Instead of n, we use
the PS valence density 7 for the evaluation of equation (66).
The justification for this choice is that go(r) has very high
values close to the nuclei, and the vdW kernel ¢ (d,, d,) in
terms of the rescaled distances d; = ¢q 712 and dy = goryp will
be quite short ranged and therefore not important for studying
interactions between atoms.

Evaluation of E'C“ [7] by direct summation in real space
has an operation count that scales as Ng2 (N, is the number
of grid points), which is often too time consuming for typical
calculations. We have therefore implemented the fast Fourier
transformation (FFT) technique introduced by Romén-Pérez
and Soler [66], where the scaling is N, log N,. As an example,
a self-consistent vdW-DF calculation for water (64 molecules
on 16 processors) takes only 80% longer than a self-consistent
PBE calculation. Additional details of our implementation can
be found in [67].

3.4.1. DFT + U. In strongly correlated materials, such as
transition metal oxides, lanthanides or actinides, the strong on-
site Coulomb interaction of the localized d or f electrons is not
correctly described by LDA or GGA. The basic idea behind the
DFT + U method is to treat this interaction with an additional
Hubbard-like term. The strength of the on-site interactions
are usually described by semi-empirical parameters U and J.
The GPAW implementation is based on the particular branch
of DFT + U suggested in [68], where only a single effective

10

Ut = U — J accounts for the Coulomb interaction, neglecting
thereby any higher multi-polar terms.
Following [68], the DFT + U total energy is

),

U
=N (67)

fr
Eppryu = Eper + E —Tr(p" — p*p*
a

where p? is the atomic orbital occupation matrix (AOOM).

In order to evaluate equation (67), a mapping between the
wavefunctions and AOOM p; . is required. This mapping
can be written in terms of the density matrices D
equation (10), and the AE atomic orbitals ¢

a
ném,n'tm’>

as [69]

a
ném

pl(’:lm’ = Z th(m,n’ém’ (¢Z€m |¢z’£m’>'
n,n’

The orbital quantum number ¢ is restricted to the orbital of
interest and m is restricted to the associated magnetic quantum
numbers. The n index refers to the nth projector of the
particular ¢-channel. GPAW atomic setups have typically
n € (1,2), where n 1 is the bound state projector and
n = 2 is unbound state projector. Because of the latter, we
truncate the integration in (¢, |#5,, ) at the augmentation
sphere radius. The DFT + U energy correction also adds a term
to the Hamiltonian within the augmentation spheres, AH!; in
equation (31), which is obtained by taking the derivative of
equation (67) with respect to D .

As an example, we show in figure 3 the calculated spin
magnetic moment x4 and the fundamental band gap A, of CoO
and NiO with increasing values of the effective Hubbard Uk.
The figure shows clearly that the DFT4-U scheme improves the
description of the strongly correlated nature of the transition
metal oxide. The calculations have been carried out using the
PBE exchange—correlation functional, a grid spacing of 0.16 A
and 8 x 8 x 8 k-points in the Brillouin zone. In all calculations,
the lattice constants are optimized with pure PBE (U = 0)
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s is the reduced density gradient. Right: fragmentation energies predicted with the best-fit enhancement factor versus the experimental values.

The error bars are calculated from the ensemble in the left panel.

with a grid spacing of 0.16 A, the obtained values are 4.19 A
for NiO and 4.24 A for CoO. The corresponding experimental
values are 4.17 A and 4.25 A for NiO and CoO, respectively.

4. Error estimation

Density-functional theory is used extensively to calculate
binding energies of different atomic structures ranging from
small molecules to extended condensed-matter systems.
A number of different approximations to the exchange—
correlation energy have been developed with different scopes
in mind and with different virtues. When it comes to the
practical use of DFT, it is therefore usually very much up to
the user to obtain experience with the different xc functionals
and gain insight into how accurate the calculations are for
a particular application. This learning process can be rather
slow and, also for other more general reasons, it would be
advantageous to have a reliable and unbiased way to estimate
errors on DFT calculations.

The error estimation implemented in GPAW is inspired by
ideas from Bayesian statistics [72]. The ingredients in a typical
statistical model construction consist of (1) a database with
a number of (possibly noisy) data points which the model is
supposed to reproduce as closely as possible and (2) the model
which is described by a number of parameters which can be
adjusted to improve the model. The quality of the model can
for example be estimated by a least-squares cost which is a
sum over all data points of the squared difference between the
database value and the value predicted by the model. The
cost thus becomes a function of the model parameters and
minimization of the cost leads to the best-fit model. (An
important issue here is to control the effective number of
parameters in the model to avoid over-fitting, but we shall not
go into this here.) So far we have described a common least-
squares fit. What the Bayesian approach adds to this is the idea
of not only a single best-fit model but an ensemble of models
representing a probability distribution in model space. Using
the ensemble, the model no longer predicts only a single value

11

for a data point but a distribution of values which will be more
or less scattered depending on the ability of the model to make
an accurate prediction for that point.

In the case of GPAW, we have worked on providing
error estimates for GGA-type calculations. The model space
is defined by a suitable parametrization of the exchange
enhancement factor f,, which enters the exchange functional
as (see [73] for details)

E(n] = f Fe(s(); O)n(r)e ™ (n(r)) dr.

Here, s is the reduced density gradient ~|Vn|/n, and 6 our
parametrization. The database consists of the experimental
fragmentation energies of 148 small molecules (from the G2
neutral test set [57]). The left panel in figure 4 displays the
resulting Bayesian ensemble of enhancement factors in terms
of some randomly drawn members. The enhancement factor
for the best-fit model is seen to resemble other commonly
used enhancement factors, such as PBE and RPBE. It should
be noted that for a typical Bayesian ensemble the spread
is governed mostly by the noise in the data points and the
limitations in the number of data points. In our case the
noise in the experimental fragmentation energies is quite small
compared with a typical deviation between the experimental
value and the best-fit value. This is an indication that our model
space is incomplete, i.e. there is simply a limit to how accurate
a GGA-type functional can be. The width of the ensemble
shown in figure 4 is therefore controlled not so much by the
noise as by the model incompleteness.

The ensemble can be used to estimate errors, as also shown
in figure 4. Here the calculated fragmentation energies for
the molecular database are shown together with the estimated
error bars versus the experimental values. The average of the
predicted error bars squared reproduces, by construction of the
ensemble, the average value of the squared deviation between
experiment and best-fit model. The detailed transferability of
the best-fit model and the error predictions to other classes of
systems is currently under investigation.
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5. Time-dependent density-functional theory

Standard DFT is applicable only to the ground state properties
of a system. However, there are many properties of great
interest which are related to the excited states, e.g. optical
absorption spectrum.  Time-dependent density-functional
theory (TDDFT) [3] is the extension of standard DFT into
the time-domain enabling the study of excited state properties.
There are two widely used formulations of TDDFT, the
real-time propagation scheme [74] and the linear-response
scheme [75]; both of these are available in GPAW. The details
of the implementations are described in [52], and we present
only a brief overview here.

5.1. Real-time propagation

The time-dependent AE Kohn—Sham equation is

9 .
IEW(I) = H®O) Y (1), (68)
where the time-dependent Hamiltonian A (1) can include also
an external time-dependent potential. ~ Assuming that the
overlap matrix § is independent of time, this equation can be
written in the PAW formalism as

A0 s

ISEI//n(t) = H@O) (). (69)
This time-dependent equation can be solved using the

Crank—Nicolson propagator with a predictor—corrector step as
described in [52].

5.2. Linear-response formalism

Within the linear-response regime, the excitation energies can
be calculated from the eigenvalue equation of the form

QF, = 0} Fy, (70)

where wj is the transition energy from the ground state to the
excited state 1, and F; denotes the associated eigenvector. The
matrix €2 can be expanded in Kohn—Sham single particle—hole
excitations leading to

Qijokic = 8ik8j15(71:8,‘2jg + 2/ fijoijo frir€kir Kijowar, (71)

where ¢;;, = €, — &;, are the energy differences and f;;, =
fic — fjo are the occupation number differences of the Kohn—
Sham states. The indices i, j, k, [ are state indices, whereas
o, T denote spin indices. The coupling matrix can be split into
two parts Kjjour = K lcm we + Ki’;?m we- The former Coulomb
matrix has exactly the same form as in the context of exact

exchange, equation (50)

Kope = (ijolnir) (72)

and is often called the random phase approximation part. It
describes the effect of the linear density response via the
classical Hartree energy. The second contribution is the

exchange—correlation part
8?Exc
8ng (r1)dn. (rz)

K}

ijokgt Nigr (1‘2), (73)

Z/dl’] dl’gi’t;kjg(l‘l)

12

Table 2. Calculated excitation energies of the CO molecule within
the LDA approximation in eV. Bond length is 1.128 A.

State Spin GPAW  AE [76]
a’Il Triplet 5.95 6.03
ATl Singlet 8.36 8.44
a’ 3%t Triplet 8.58 8.57
b3X+  Triplet 9.01 9.02
B!S* Singlet 924 9.20
d3A Triplet 9.25 9.23
'S~ Singlet 987  9.87
¢3%~  Triplet 987 9387
D'A  Triplet 1035  10.36

where n, is the spin density. The functional derivative can be
calculated with a finite difference scheme.

Diagonalization of the linear-response equation (70) gives
directly all the excitation energies in the linear-response
regime. As an example, table 2 shows the calculated excitation
energies of a CO molecule together with reference calculations.
The agreement between our results and numerically accurate
AE results [76] is generally good.

Within the time propagation scheme, one obtains only the
excitations corresponding to a particular initial perturbation.
Thus, different types of perturbations would be needed to reach
different excited states. In the case of a singlet ground state
molecule like CO, the often applied delta pulse perturbation
(as introduced in section 5.3) can lead only to dipole allowed
singlet—singlet excitations. Therefore the triplet excitations and
dipole forbidden singlet excitation at 9.87 eV do not appear in
the time propagation scheme.

5.3. Optical absorption spectra

In the real-time formalism the linear absorption spectrum can
be obtained by exciting the system first with a weak delta pulse,

E(1) = ek°5(1), (74)

where € is a unitless perturbation strength parameter and kK° is
a unit vector giving the polarization direction of the field. The
delta pulse changes the initial wavefunctions to

Yt =0") = exp <iaik" -r) Y@ =07). (75
0

The system is then allowed to evolve freely and during the
time-evolution the time-dependent dipole moment w(f) is
recorded. At the end of the calculation, the dipole strength
tensor and oscillator strengths are obtained via a Fourier
transform.

In the linear-response formalism one also needs the
eigenvectors of equation (70) when calculating the absorption
spectrum. Together with the Kohn—Sham transition dipoles

”’ija = <wia|r|l/fja> (76)
the oscillator strengths are given by
fio>fio 2
Jia = Z (Rijo)av/ fijo€ijo (Fijo (77)
ijo
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Figure 5. Calculated optical absorption spectra of the CH4 molecule
presented as folded oscillator strengths (FOS). The calculation is
performed both with the time propagation and the linear-response
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Figure 6. Optical absorption spectra of Au,s(S-CH3) |, (dashed
magneta), Au,s(S-CH,—CH,-CsHs) ; (dash-dotted blue), and
Auyo(S-CH3)yy (solid green).

The discrete oscillator strengths can be folded by a Gaussian
(as an example) for comparison with the time propagation
calculation and experiments.

Figure 5 shows the calculated linear absorption spectra
of a CHy molecule. The agreement between the completely
different numerical schemes is remarkable.

Even though the time propagation scheme is relatively
time consuming in small systems, the favorable scaling with
system size as well as the good parallelization possibilities
(described in more detail in section 8) enable calculations also
for large systems. As an example, figure 6 shows the calculated
optical spectra of Auys (S-CH3)178, AUQS(S—CHZ—CHQ—CGHS)TS,
and Aujp2(S-CH3)44. The shapes of Auys(SR) g spectra are
similar to experimental spectra in [77]. However, all features
appear systematically at too low energy. This is most probably
due to ALDA approximation. The Aujg,(S-CH3)44 spectrum
has less structure than the smaller clusters and it also shows a
significant red shift of 0.6 eV.

5.4. Non-linear emission spectra

The time propagation approach can also be used in the non-
linear regime where the linear-response scheme is no longer
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Figure 7. Non-linear emission spectra of Mg atom in a laser field of
frequency 0.5 eV and strength of 0.01 (solid blue) and 0.05 (dashed
green) atomic units. Strong harmonic frequency generation is
observed at odd multiples of the laser field frequency.

applicable. For example, a strong laser field can introduce
non-linear terms in the polarizability of an atom or molecule.
Figure 7 shows the emission spectra of Mg atom in a laser
field with frequency 0.5 eV and strength 0.01 and 0.05 atomic
units. Due to non-linear effects, harmonics of the laser field
frequency appear at odd integer multiples of the driving field.
The intensity depends non-linearly on the strength of the field.
The harmonics at even integer multiples are forbidden by the
symmetry. In the simulated spectrum, weak even harmonics
are observed due to numerical inaccuracies. Compared to our
earlier calculation with beryllium [52], the Mg spectra has less
numerical noise, which is because of the imaginary potential
absorbing boundary conditions [78] used in the calculation of
the Mg spectra.

5.5. Photoelectron spectra

The process of photoionization may be viewed in two different
ways. In the simplest interpretation, the single-particle states
of Kohn—Sham DFT are directly connected to the observed
electrons in the experiment. Even though the orbital energies
(except for the highest occupied orbital) do not have rigorous
physical meaning, they often give a very reasonable description
of the experimentally observed electron binding energies
Evina [79].

A more rigorous description of the photoelectron spectrum
(PES) is available in the many-body picture. The ‘daughter’
system, after emitting the electron, is left either in the
electronic ground state or in an electronically excited state
when the released electron has reached the detector. The
measured kinetic energy distribution of the ejected electron
is given by the difference between the ground state energy of
the ‘mother’ system E’ and the excited state energies of the
daughter system E ;V -

Epina = EV ' = EJ, (78)

where N denotes the number of electrons. The ground state
energy and excitation energies can be calculated with DFT and
TDDFT, respectively. However, it is not only the energies that
determine the number of electrons in the detector, but also
the probability for ionization, i.e. not all excited states of the
daughter system can be reached by ionizing the mother system.
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Figure 8. Experimental photoelectron cross sections (adapted
from [81]) compared with spectroscopic factors from TDDFT and
Kohn—Sham approaches.

In principle, one would need many-particle wavefunctions
to be able to calculate the transition probabilities, but these
are not available in DFT. One can nevertheless create an
approximate scheme to calculate the overlaps [80]: the
ground state wavefunctions of the daughter and mother
systems are approximated by a single Slater determinant
of the occupied Kohn—-Sham orbitals. The excited state
wavefunctions of the daughter states are constructed via the
weights F; (equation (70)) of the Kohn—Sham single orbital
excitations. With these approximations one can evaluate the
spectroscopic factor f7, the energy independent probability for
the daughter system to end up in a given excited state / due to
photoemission.

We have implemented this scheme in GPAW. As an
example, we have calculated the resultant PES spectrum of
H,O, CO and NHj. Figure 8 shows the comparison of the
spectroscopic factors with experiments and the single-particle
Kohn—Sham approach, where the spectroscopic factor is unity
for each occupied orbital. Both the Kohn—Sham approach
and the linear-response TDDFT scheme give good agreement
with experiment for lower bound electrons. For peaks at
high binding energies, there is a clear improvement by the
new scheme. In particular the ‘broadening’ of the highest
energy peak cannot be described by the Kohn—Sham single-
particle picture. Here many excitations of the daughter system
contribute to the peak.

6. Localized atomic-like basis functions

As an alternative to the grid-based finite difference approach
described above, GPAW offers also the possibility to work
with atomic-like basis functions, or linear combinations of
atomic orbitals (LCAO) [82, 11, 83]. A detailed description of
GPAW’s LCAO implementation is available in [84]. An LCAO
basis function centered at atom a has the form

@5, (1) = Ry, (Ir — RY) Ye (r — RY), (79)

where Ry, is a radial function which vanishes beyond a certain
cutoff radius, and Yy, is a spherical harmonic. By defining v
as the composite a, n, £, m, a general PAW state i can then be
expanded as _
Ui =) Can®u(d), (80)
v

where C;, are expansion coefficients.
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The grid method and the localized basis complement each
other very well. With the grid-based scheme the complete
basis set limit can be systematically reached while the
localized basis allows for fast calculations in situations where
efficiency is more important than high accuracy. Moreover,
the localized basis is well suited for quantum transport
calculations, linear scaling computation schemes, molecular
dynamics simulations, as well as for analysis purposes. The
‘multi-basis’ feature of GPAW allows the user to switch
seamlessly between the accurate grid mode and the efficient
LCAO mode at any point of a computation. For example,
the first part of a structural optimization could be performed
efficiently using the minimal localized basis while the final
steps could be performed in the ‘grid mode’. To our knowledge
GPAW s the first code combining localized basis functions
with the PAW method, and the first code supporting two
different representations for the Kohn—Sham orbitals within the
same unifying DFT framework, that is, with exactly the same
set of approximations.

The LCAO implementation reuses most of what is
implemented in the finite difference PAW method: calculation
of electrostatic interactions, evaluation of the XC potential,
atomic PAW energy corrections, density mixing and also most
of the contributions to the atomic forces are the same. It is
only the evaluation of overlap integrals and matrix elements of
the kinetic energy operator that are done differently. Instead of
calculating integrals like (W |$'|1,}m), (1/~/,1|7A‘|&m), and (ﬁf‘h}n)
on a 3d grid and using a finite difference representation for T,
we express these integrals in terms of two-center integrals of
the type: (®,|P,), (<I>,L|YA"|CI>V), and (p{|®,), where ®, are
the atomic-like basis functions. These integrals can be pre-
calculated as described in [11].

Because of the much smaller number of degrees of
freedom in a LCAO calculation compared to a grid-based
calculation, we can do a complete diagonalization in the
subspace of our basis set instead of being forced to use iterative
diagonalization techniques.

A minimal atomic basis set consists of one modified
atomic orbital for each valence state—the single-zeta basis
functions.  First, localized atomic-like orbitals ®AE are
obtained for each valence state by solving the radial AE
Kohn—Sham equations for the isolated atom. In order to
ensure that the wavefunction vanishes beyond a certain cutoff
radius, the atom is placed in a suitably defined confining
potential well [82]. The basis functions are then obtained
using ®(r) = T-'®2E(r). The cutoff radius is selected in
a systematic way by specifying the energy shift AE of the
confined orbital compared to the free-atom orbital [85]. In this
approach small values of A E will correspond to long-ranged
basis orbitals [84].

In order to improve the radial flexibility, extra basis
functions with the same angular momentum ¢ (multiple-zeta)
are constructed for each valence state using the split-valence
technique [11]. The extra function is constructed by matching a
polynomial to the tail of the atomic orbital, where the matching
radius is determined by requiring the norm of the part of the
atomic orbital outside that radius to have a certain value.

Finally, polarization functions (basis functions with £
quantum number corresponding to the lowest unoccupied
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Table 3. Lattice constants, a, cohesive energies, E., and bulk
moduli, B, for selected solids. MAE denotes the mean absolute error
of the double-zeta polarized (DZP) basis set with respect to the
grid-based results.

a (A) E. (eV) B (GPa)

DZP GRID DZP GRID DZP GRID
LIF 410 406 452 424 70 80
C 358 357 789 772 422 433
Na 424 4.19 1.07  1.09 7.9 7.9
MgO 427 426 497 495 173 154
Al 407 404 354 343 79 77
NaCl 567 569 326 3.10 26 24
Li 343 343 1.63 1.62 163 142
SiC 441 439 648 638 202 211
Si 549 548 471 455 86 88
AP 553 551 421 408 81 82
Fe 283 284 507 485 231 198
Cu 364 365 414 351 143 141
Pt 398 398 569 535 263 266
MAE 0.019 0.0 0.18 0.0 74 0.0

angular momentum) can be added in order to improve the
angular flexibility of the basis. There are several approaches
for generating these orbitals, such as perturbing the occupied
eigenstate with the highest ¢ quantum number with an
electric field using first order perturbation theory or using
the appropriate unoccupied orbitals. In GPAW we use a
Gaussian-like function of the form ¢ exp(—ar?) for the radial
part, where £ corresponds to the lowest unoccupied angular
momentum.

One of the most time consuming parts of a basis set
calculation is the evaluation of matrix elements of the effective
pseudopotential (P, |v|P,), which is done on a 3d grid. For an
efficient evaluation of these matrix elements, it is important to
have as short-ranged basis functions as possible and to use as
coarse grids as possible. For the latter, the PAW method helps
to make the basis functions and potentials smooth.

As an example, table 3 shows the lattice constant, cohesive
energy, and bulk modulus for a range of solids calculated
with double-zeta polarized (DZP) basis sets and compared to
the grid-based results. The cutoff radii of the basis orbitals
correspond to an energy shift of 0.1 eV. The DZP values are
in good agreement with the grid-based values, in particular
for the structural properties, i.e. lattice constants and bulk
moduli. Cohesive energies are more difficult to describe with a
localized basis set. The primary source of error in cohesive
energies comes from the free-atom calculation, where the
confinement of each orbital raises the energy levels by around
0.1 eV. Thus, atomic energies are systematically overestimated,
leading to stronger binding.

6.1. Non-equilibrium electron transport

Driven by the prospects of nano-scale electronics, the field
of quantum transport has developed rapidly over the last
decade. In support of this development, GPAW supports open-
boundary finite-bias electron transport calculations with the
LCAO basis. The basic setting is that of a central device region
(C) connected to two semi-infinite leads (L) and (R). The leads
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are kept at fixed chemical potentials, 1, and ug, to simulate
an applied bias voltage of V = (ur — ur)/e across the device
region. Due to electronic screening the electron potential inside
the leads converges rapidly to the bulk value and this defines
the boundary conditions for the electrostatic potential inside C.
Rather than obtaining the wavefunctions from the eigenvalue
equation we work with the Green function (GF) of the central
region defined by

G(z) = (zS — Hc — ZL(z) — Zr(2) ", (81)

where S and Hc are, respectively, the overlap and Kohn—Sham
Hamiltonian matrix of the central region in the LCAO basis.
The self-energies, X1 r, represent the coupling to the leads and
are obtained using the efficient decimation technique [86]. The
electron density matrix is given by

1 oo
D= —

1
= [ cew= [croe @
271 J_ o 271 Je

with the lesser GF defined by

GZ @) =GEL @)+ IR @GR (83)

As indicated in the last equality of equation (82) the integral
is performed along a complex contour C. The equivalence
of the two expressions follows from the analytical properties
of the Green function and residue calculus [87]. Away from
the real axis the Green function varies slowly with z and the
integral can be efficiently evaluated using a Gauss—Kronrod
quadrature [88]. The non-equilibrium density is obtained from

A(r) =Y Dy ®, (1) ) + Y il (84)
v a

where @, and @, are the LCAO orbitals in the central region
and D, are the corresponding matrix elements of the density
matrix. The Poisson equation is solved on the real-space grid to
obtain the electrostatic contribution to the effective potential v
in region C. The boundary conditions for the Poisson equation
at the C-L and C-R interfaces are given by the bulk potential
of the leads (shifted by the applied bias voltage eV /2),
while periodic boundary conditions are used in the plane
perpendicular to the direction of transport.

The cycle D — n(r) — v(r) — Hc — D is iterated
until self-consistency using Pulay density mixing. At self-
consistency the current of a spin-degenerate system can be
calculated from [89, 90]

1 oo
(V) = ;/ (fL(e) — fr(e))

x Tr[TL(e)G(eMTr(e)G(eh) ] de, (85)

where et = ¢ +i0" and I'L jr(6) = I(Zpr(eT) — Zpr(eT)T)
and the trace is taken over the central region basis functions.
As an example, figure 9 shows the 1V curve of a molecular
junction consisting of a benzene dithiol molecule attached to
gold electrodes (see inset). We have used a DZP basis set for
the molecule and a SZ basis for the Au, a total of 84 Au atoms
in the central region, and 4 x 4 k-points in the surface plane
(8 irreducible). A 2d plot of the average effective potential at
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Figure 9. Left: calculated /V curve for the Au/benzene-dithiolate junction shown in the inset. Right:

3V.

a bias of 3 V is shown in the right panel. Although four Au
layers are included in the central region on both sides of the
molecule, electronic screening limits the potential drop to the
molecule and outermost Au surface layer.

Let us finally mention some of the limitations of the
DFT-based transport approach. It has recently been shown
that the energetic position of molecular electronic levels
at a solid-molecule interface can be substantially wrong
in DFT due to self-interaction errors [91] and the lack of
dynamical screening [92-94]. This circumstance is expected
to influence the calculated conductance, in particular when
the transport mechanism is off-resonant tunneling, which is
the most commonly encountered case. In such cases DFT
must be considered to be only qualitatively correct, while
quantitative predictions require a many-body description such
as the GW approximation [95]. More fundamental problems
are encountered for weakly coupled and strongly correlated
systems dominated by Coulomb blockade and Kondo physics,
where the single-particle approximation breaks down [96, 97].
In the opposite regime, characterized by strong molecule—
lead couplings, DFT has been found to work surprisingly
well and provides results in quantitative agreement with
experiments [98, 99].

7. Additional features

7.1. ASCF

ASCF [100, 101, 33] is a simple method for estimating
excitation energies within DFT. The acronym refers to the
fact that the excitation energy is calculated as the difference
between two self-consistent calculations, one traditional
ground state calculation and one where an electron is
constrained to a certain Kohn—Sham orbital as the system
reaches self-consistency. The method is formally justified
only when the constrained orbital is the lowest lying of its
symmetry [102], but it is often applied in other situations
with reasonable success [33, 103—106]. GPAW implements
a generalized version of ASCF, where it is possible to
constrain an electron to any linear combination of Kohn—Sham
orbitals, which is desirable for molecules on surfaces where the
molecular orbitals hybridize with substrate states. A molecular
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effective potential at a bias voltage of

orbital |o) can always be represented by a linear combination
of Kohn—Sham orbitals if a sufficient number of unoccupied
Kohn—Sham orbitals is included in the calculation:

) = ealtn),  ca = (Yule).

The contribution to the PS electron density from this molecular
orbital is then:

A (1) =) 3 et (0) 1, (1),

(86)

&7)

and the corrections to the atomic density matrices equation (10)
are
AD?

ijiy

= 3" e (Pl BENBLI )

m,n

(88)

The extra electron is usually taken from the Fermi level
by simply requiring that the Fermi distribution integrates
to the number of valence electrons minus one, but it is
possible to introduce any specified hole according to the above
description.

The contribution to the band energy from the excited state

is given by
> leul’en.

(lHlor) =Y chcn(Wm HYn) = (89)

The linear combination in equation (86) is found by
projecting the Kohn—Sham orbitals onto a desired orbital in the
self-consistency cycle. In GPAW this can be done in the two
different ways as described below.

7.1.1. Projector—-pseudo-wavefunction overlap. If the orbital
to be kept occupied is an atomic orbital corresponding to a
partial wave (la) = |¢{)), then the overlaps in equation (86)
can be approximated by

(Wald?) ~ (Y| P2,

which follows from equation (5) if we neglect overlap between
atomic sites. This is a quick and efficient way of obtaining
the expansion coefficients c,, since the projector overlaps
equation (90) are calculated in each step of the self-consistence
cycle anyway. The method is easily extended to molecular
orbitals by taking appropriate linear combinations of (V/,, [pf).

(90)
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Figure 10. CO on Pt(111). Top left: potential energy surfaces in the ground state and the 277 * resonance as a function of the CO binding
distance and the molecule’s center of mass distance to the surface. Top right: the change in charge distribution due to the excitation. Green:
more charge (0.02 au contour), red: less charge (—0.02 au contour). Lower: density of states projected onto the 27 orbital of CO using the

two projection methods described in sections 7.1.1 and 7.1.2.

7.1.2. AE wavefunction overlap. In principle one has access
to the AE wavefunctions in the PAW formalism and thus it is
possible to resolve any molecular orbital exactly into Kohn—
Sham orbitals. However, the DFT PAW formalism works
with the PS wavefunctions and these are the ones which are
immediately available in the GPAW code.

To find the overlaps c, (¥, |a) one should start
by performing a gas-phase calculation of the molecule or
atom which is to be used in an ASCF calculation. The PS
wavefunction |V ) corresponding to the orbital to be occupied
is then saved along with the its projector overlaps ( ﬁgl&a)
and the ASCF calculation is initialized. In each step of the
calculation the AE overlap ¢, can then be obtained by

Cn = (YnlVa) = WalVa) + Y (Tl BLYASE (Bl 1Va)-

a,iy,iy
oD
Note that there is only a single sum over atoms (and only
the ones in the molecule) and that the cross terms of PS/AE
wavefunctions do not contribute. Since the AE wavefunctions
are orthonormal, the squared norm of the coefficients sums
to one, Zn |c,l|2 1, if the Kohn—Sham orbitals span the
molecular orbital |«). If this is not the case, one has to increase
the number of unoccupied states in the calculation.
The expansion in equation (86) holds for each point in k-
space, so one has to use the same k-points in the gas-phase
calculation and then calculate the overlaps for each k-point.

7.1.3. Application to CO on Pt(111). In figure 10 we show
the potential energy surfaces of CO on a Pt surface (1/4
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monolayer) in the ground state and in an excited state where
the 27* resonance is occupied. This demonstrates how the
minimum energy configuration in the resonance state is shifted
with respect to the ground state, which is interesting in relation
to molecular motion induced by hot electrons [103]. Figure 10
also compares the projected density of states using the two
projection methods described in sections 7.1.1 and 7.1.2, and
clearly shows that the methods have the same qualitative
features. However, the long high energy tail of the projector
overlap method is a symptom of the lower accuracy of this
method and indicates that the excitation energy will depend on
the number of unoccupied bands included in the calculation. In
contrast, the AE overlaps approach zero for high lying states
and this method can be converged in the number unoccupied
bands. Finally, figure 10 shows the charge redistribution due to
the excitation. The 277* orbital of the molecule is clearly seen
as well as an induced image charge on the surface.

7.2. X-ray absorption spectra

In a one-particle picture, x-ray absorption (XAS) can
be viewed as exciting a core electron to an unoccupied
orbital [107]. The absorption cross section is given by Fermi’s
golden rule:

o(@) o< Y [(Yrle- plgd)PS(Ee —w),  (92)
f

where [¢¢) is the core orbital, [/ /) are unoccupied orbitals, Ef
is the eigenvalue difference between orbitals ¢ and f, e is the
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Figure 11. Left: half core hole K-edge nitrogen spectrum of Pyridine. Spectra shown are for GPAW (blue), StoBe (green), and experiment
(red). The GPAW spectrum shows the individual oscillator strengths. Right: K-edge carbon spectrum of diamond. Spectra shown are the half

core hole (blue), full core hole (green), and experiment (red).

polarization vector of the incoming photon and u is the dipole
operator. To account for core hole effects we use specially
constructed PAW setups with half or a full electron removed
from the core orbital. The wavefunctions are then relaxed in
this potential [108]. Using the PAW transformation we can
rewrite the expression for the cross section [109]

o (@) o Y [(Wsld) P8 (Er. — w), 93)
f

where |q~Sg) S pH(efle « pmlgd). In the above
expression for the cross section many unoccupied states must
be determined, which is computationally demanding. This
can be avoided with the Haydock recursion scheme [110],
which we have also implemented. Due to the non-orthogonal
PS wavefunctions in the PAW method, the calculation of
the recursion coefficients involves the inverse overlap 3"1,
which cannot be explicitly computed. Instead, the equation
Sx = y is solved with the conjugate gradient method using
an approximate Slasa preconditioner [111]. The absolute
energy scale is determined separately in a ASCF procedure
where the total energy difference is computed between the
ground state and the first core excited state using a full
core hole setup and an extra electron in the valence band.
ASCEF transition energies depend strongly on the functional
used [112], mostly due to differing descriptions of the core
electrons. The spectra discussed in the following were
calculated using the LDA functional, with the ASCF shifts
computed using the BLYP functional.

In figure 11 we show the calculated half core hole XAS
spectrum for the pyridine nitrogen K-edge. A cubic box
with 20 A sides and a grid spacing of 0.2 A was used with
open-boundary conditions. The agreement with experiment
and a calculation using the StoBe code [113, 114] is good.
Comparing the GPAW calculation to experiment the first peak
is 0.8 eV too low and the relative energy between the first peak
and the sigma resonance (408 eV in experiment) is about one
electron volt too low.

Figure 11 shows also the calculated carbon K-edge XAS
spectrum of diamond both for half and full core hole. A cubic
super-cell with 216 atoms was used with periodic boundary
conditions and the Brillouin zone was sampled at the I point.
The grid spacing was set to 0.2 A. The spectrum was calculated
with the recursion method using 6 x 6 x 6 k-points and 2000
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recursion coefficients. The full core hole spectrum is in good
agreement with [109], but has too much intensity near the onset
of the spectrum compared to the experiment [115]. Neither the
half or the full core hole reproduces the first excitonic peak of
the experiment.

7.3. Wannier orbitals

The partly occupied maximally localized Wannier functions
(WF) [116] are constructed by doing an unitary rotation for the
lowest states (fixed space), and using a dynamically optimized
linear combination of the remaining orbitals (active space).
Both linear combinations are chosen such as to minimize the
spread of the resulting Wannier functions. The unitarity of
the rotation in the fixed spaces implies that the eigenvalues
of the Bloch states contained in the fixed space can all be
exactly reproduced by the resulting WF, whereas the largest
eigenvalues of the WF will not necessarily correspond to any
‘real’ eigenvalues.

When constructing Wannier functions, the only quantities
that need to be supplied from the DFT calculation are the
integrals Zf’]nz (Vn, 1€ 7€ T|4,,), where G is one of at
most six possible (three in an orthorhombic cell) vectors
connecting nearest neighbor cells in the reciprocal lattice.
When introducing the PAW transformation, this quantity can
be expressed as [116, 117]

Z8 = (U, e Y,
P& Pt

+ ZZ nny= i2n3

a [][2

(B 1e7 O 1oty — (B e[t )).

o4

Even for small systems, the phase of the exponential of the
last integral does not vary significantly over the augmentation
spheres where ¢¢ and q~bf‘ differ. The integrals in the last
two terms can therefore safely be approximated by taking the
exponential outside the integrals as e '6R",

An example of partly occupied Wannier functions
constructed using the GPAW code is shown in figure 12 (left)
for a benzene molecule.

One can also, in the same sense as for the partly occupied
Wannier functions, form a linear combination of the Kohn—
Sham Bloch states, spanning the occupied space exactly,
where the unitary rotation in the fixed space, and the linear
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Figure 12. Left: partly occupied WF; 6 C—H o bonds, 6 C—C ¢ bonds, and 6 p, orbitals on C. Right: projected localized functions; 12 s
orbitals on C and H respectively, and 3 p-type orbitals on each C, one p., one along the C—H bond, and one perpendicular to the C—H bond.

combination of the active space are chosen such that the
overlap of the resulting wavefunctions with the projector
functions or the PS LCAO orbitals is maximized. This will
result in a optimized single-zeta numerical basis set, which can
be used for minimal basis set calculations. An example of such
localized optimized orbitals for benzene is shown in figure 12
(right). In this case the resulting orbitals have been rotated
to diagonalize the Hamiltonian in the subspaces spanned
by orbitals on the same atom. In GPAW, these functions
are used as an efficient minimal basis set for performing
computationally demanding GW calculations [53].

The algorithm for constructing such localized functions is
much faster, and more robust than the one for constructing
the partly occupied WF, as it only involves some linear
algebra on the pre-calculated projections, and not an iterative
maximization of a spread functional. The procedure is
described in more detail in [118].

An exact representation of the Kohn—Sham eigenstates in
a minimal and maximally localized basis can facilitate orbital
analysis [116].

7.4. Local properties

This section describes quantities that can somehow be related
to a specific atom. As the PAW transform utilizes an inherent
partitioning of space into atomic regions, such quantities are
usually extractable from already determined atomic attributes,
such as the atomic density matrices or the projector overlaps.
The projector overlaps P, are simultaneous expansion
coefficients of the PS and the AE wavefunctions inside the
augmentation spheres (see equations (5) and (6)). They can
therefore be used both for reconstruction of AE wavefunction
or densities, and for making a local expansion in atomic
orbitals.

7.4.1. Density partitioning. ~Charge redistribution during a
chemical reaction can often be studied by assigning the density
distribution to the individual atoms. Formally, it is easy to
reconstruct the true AE density from the PS density and the
atom projected density matrix via equation (13).

In GPAW, charge assignment can be done in several ways.
One choice is to apply a Wigner—Seitz scheme, where 7(r) at
each grid point is assigned to the closest atom. The atomic
PAW corrections in equation (13) can then be integrated on the
radial grid, and added for each atom.
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Figure 13. Contour lines for the PS (left) and reconstructed AE
(right) densities of a water molecule. While the PS density only has a
single maximum, the AE density has one distinct local maximum per
atom, and a Bader partitioning scheme can be used to analyze charge
transfer. The AE density integrates to the total number of electrons.

In the Bader analysis [119], it is not possible to apply
the algorithm to the PS density and corrections separately, as
the dividing surfaces might intersect the augmentation spheres.
Thus, the AE density should be reconstructed on a single
regular grid, which can also be useful for other post-processing
purposes. To accurately represent the peaked features of the
AE density, the PS density is interpolated to a grid with reduced
grid spacing before transferring the density corrections from
the radial grid to the uniform grid.

For the purpose of studying charge transfer, it can be
advantageous to adjust the value of the atomic corrections on
the uniform grid at the grid point closest to each nucleus,
such that these integrate to the same value as on the more
accurate radial grid. This does not affect the determination of
the dividing surfaces, but enforces the integral properties of the
reconstructed AE density within each domain.

In pseudopotential schemes, a reconstruction of the AE
density is not possible, which can cause problems if the
dividing surfaces and pseudization regions intersect. This is
the case for water, as illustrated in figure 13, showing the
dividing surfaces of a water molecule determined using the
Bader program [120] and the reconstructed AE density from
GPAW.

7.4.2. Projected density of states. Given a set of states |,)
with eigenenergies ¢,, the density of states projected onto a
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state |«) is defined by

pa(&) =Y el P8 — &) 95)

If |o) is an atomic orbital which can be represented by a
partial wave |¢{'), the simplest way to obtain the overlaps is
to use the single-center expansion of the AE wavefunction
equation (5), which gives (a|,) ~ (p{ |1/~/,,) when neglecting
the overlap of ¢{" with neighboring augmentation spheres. The
method is easily extended to molecular orbitals by considering
superpositions of partial waves.

If the state |«) can be represented by a Kohn—Sham state
|Yy) from a different calculation, the PAW formalism allows
one to obtain the AE overlaps exactly from equation (91). The
difference in the two methods is illustrated for the case of
the 27 orbital of CO adsorbed on Pt(111) in figure 10. A
major advantage of the AE overlap method is that the projected
density of states is correctly normalized and one can obtain
the fraction of an orbital located below a given energy by
truncating the sum in (95) at that energy.

8. Parallel calculations

Drastic performance improvements in desktop computers and
supercomputers are nowadays being achieved through new
CPU designs with a high density of processing elements (PEs).
(Here we will use the terms cores, processors, and processing
elements interchangeably.)  Thus, parallel computing is
needed for utilizing this kind of hardware. The benefits of
parallelization are two-fold: firstly, a reduction in the time-to-
solution, and secondly, the capability to study larger problems.
At present, parallelization of GPAW is accomplished using
MPI; though with the advent of multicore CPUs fine-grained
parallelism with OpenMP or Posix threads is a likely future
enhancement.

The real-space representation allows seamless distribution
of the PS wavefunction 1/~/,,kg (ry) over all wavefunction indices:
band 7, k-point, spin o, as well as the grid point g index. This
is in sharp contrast to plane-wave basis codes which rely on the
dual-space technique [121] for iterative diagonalization, and
are thus complicated by representing the PS wavefunction in
both real and reciprocal space. Parallelization over k-points
and spin is almost trivial as these degrees are normally only
coupled through electron density (except in the case of EXX).
The generalized eigenvalue problem, equation (29) can be
solved independently for each k-point and spin. However, as
there are significant number of k-points only in small periodic
systems and spin only in magnetic systems, the scalability
accessible via k-point and spin parallelization is of limited
benefit for large systems.

The primary parallelization scheme in GPAW is the
domain decomposition of the real-space grid. The simulation
box is divided among the PEs so that each subdomain has
approximately the same number of grid points. Due to the
local nature of the finite difference Laplacian, communication
is needed only between neighboring PEs when evaluating
derivatives. The non-local parts of the PAW Hamiltonian also
require only nearest neighbor communication: calculating an
integral involving a projector function, (p{ [¥,), only involves
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contributions from those PEs that have grid points inside the
augmentation sphere of atom a.

The computation of the dense matrix diagonalization and
Cholesky decomposition needed for subspace diagonalization
and orthogonalization scales as NS, where N, is the number
of electronic states. For large systems with many electrons
(N. > 2000), these operations can be excessively slow in
serial and must be performed in a parallel. In GPAW, we
use ScaLAPACK [122] to perform these dense linear algebra
operations. In practice, a small subset of the PEs is used for
ScaLAPACK parallelization. As an example, in a 2048 core
calculation with N, ~ 1800, ScaLAPACK diagonalizations
are performed with only 16 cores and take a few per cent
of the total computing time. In our most recent release of
GPAW, the associated dense linear algebra matrices, requiring
O(N?) storage, are fully distributed so that very large problems
(Ne > 10000) can be treated.

Even though the real-space domain decomposition scales
well, the ratio of computation to communication decreases
when the number of PEs is increased (for a fixed problem
size). The limiting factor is the ratio Ng/Py, where N,
is the total number of grid points (proportional to system
size N) and Py is the number of PEs used for domain
decomposition. The computational workload of the entire
calculation scales as O(N?) (due to orthonormality constraints
and subspace diagonalization), so that in large systems
additional parallelization levels are necessary.

For large systems, domain decomposition is combined
with parallelization over the band index. This is ideal
in the case of real-time propagation TDDFT because
different electronic states can be propagated independently
of each other and communication is needed only when
summing for the electron density, similar to k-point and spin
parallelization. However, for a ground state DFT calculation,
the subspace diagonalization and orthogonalization steps
necessitate communication of all the electronic states on co-
subdomains (g index). The amount of data to communicate
per PE is proportional to NyN./(P3P.). On the other
hand, the relevant computational workload is proportional to
NgNe2 /(PgP.) (where P, is the number of band groups and
P4 P, equals to the total number of PEs). In sharp contrast
to the domain decomposition, where the communication
is proportional to the surface area of the subdomain,
parallelization over the band index introduces communication
which is proportional to the volume of the subdomain. P. must
be carefully chosen so that the computation to communication
ratio can be kept reasonable. Part of the communication
overhead can often be hidden by overlapping communication
and computation.

Optimal values of N/Pq and N, /P, depend a lot on the
underlying hardware, but our experience has shown that typical
minimum values are Ny /Py = 1000-8000 and N./P. = 250
for ground state calculations, and N,/ P. = 20-40 for real-time
propagation. This enables scaling to thousands of processors
for large systems, as shown in figure 14. The ground state
DFT calculation is a 102 Au atom cluster surrounded by 44
p-MBA molecules [123] and the dimension of the system is
~3 nm. There are total of 762 atoms on a 160? real-space grid



J. Phys.: Condens. Matter 22 (2010) 253202

Topical Review

2000
Q.
=3 1500
T
[
2 1000
7]
500
= Ideal
B Real

500 1000 1500 2000
Processing elements

20000
Qo
= 15000
T
9
o 10000
[Ty
5000
= Ideal
5000 10000 15000 20000

Processing elements

Figure 14. Parallel scaling for ground state total energy calculation (left) and for real-time propagation (right). The calculations are performed
on a Cray XT5 systems at CSC and at Oak Ridge National Laboratory. The speedup is normalized so that at the first data point (256 PEs on

left and 5000 PEs on right) the speedup equals the number of PEs.

and ~1800 electronic states are included in the calculation.
The real-time propagation TDDFT is performed for a silicon
cluster with 702 atoms on a 160° real-space grid, the number
of electronic states in the calculation is ~1600.

When using the LCAO basis, the real-space domain
decomposition is used when solving the Poisson equation
and in the evaluation of two-center integrals. Dense
matrix diagonalizations can also be performed with the help
of ScaLAPACK, and parallelization over basis functions
(equivalent of state parallelization in grid calculations) has
been implemented. Generally, the parallel scaling of LCAO
calculations is not as good as that of grid calculations, on
the other hand the more modest memory requirement and
computational workload enable large LCAO-type calculations
with a smaller number of CPUs.

In some special cases, it is possible to introduce further
parallelization levels. For example, in nudged elastic band
calculations, the total energies of the images are independent
and can hence be calculated in parallel. Also, when calculating
optical spectra with real-time propagation, the calculations
over different polarization directions (if required by the
symmetry of the system) can be performed in parallel. Finally,
in linear-response TDDFT, the construction of the € matrix,
equation (71), can be performed parallel over the electron—hole
pairs. All these additional parallelization schemes are trivial
and therefore scale ideally.

9. Summary and outlook

As described in this article, GPAW is now a stable and
fairly mature real-space realization of DFT and TDDFT,
based on the PAW method. In addition to the grid-based
description, a localized atomic orbital basis is available for
fast computations of more limited accuracy. Many features
have been implemented, including a wide range of exchange—
correlation functionals. The code is currently developed by an
expanding group of developers situated primarily in Denmark,
Finland, Sweden, and Germany, with users from all over the
world.

GPAW is an open-source project with only a loose
organization behind it and, therefore, there exists no single
long-term master plan for the further development of the code.
The implementations that take place are exclusively based on
the needs of the researchers working with the code and the
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whole project is therefore in the end carried by the enthusiasm
of researchers at all levels. Among the features which
are currently implemented, we mention the calculation of
static response functions using density-functional perturbation
theory and more general calculations of dynamical response
functions within TDDFT. The calculation of forces as well as
adiabatic and Ehrenfest dynamics are also being implemented
within TDDFT. Furthermore, there is ongoing-work to extend
the number of atomic setups to include all elements through
atomic number 86.

The GPAW code builds upon the Atomistic Simulation
Environment (ASE) [124], which is a set of Python
modules to facilitate setting up, running, and analyzing
atomistic/electronic calculations. The tight integration with
ASE is expected to be maintained in the future. This seems
natural also from the point of view that the interest in ASE has
increased considerably in the past few years such that ASE now
supports about 12 different force and energy calculators.

There are of course a number of other open-source
projects focused on DFT/TDDFT, such as ABINIT, Quantum
ESPRESSO, and Octopus. How does GPAW fit into this
‘market’ of codes? The main feature which distinguishes
GPAW is the combination of real-space description with the
PAW method. The PAW allows for an accurate, essentially all-
electron, frozen core description, which leads to soft pseudo-
wavefunctions even for transition metals. The real-space
description allows for easy and very scalable parallelization
through real-space decomposition, making it possible to
perform accurate calculations for large systems. Only time can
tell which future developments will make their way into the
GPAW code, but almost certainly they will benefit from the
PAW accuracy and the real-space parallelization.

Acknowledgments

This work has been supported by the Academy of Finland
(Project 110013 and the Center of Excellence program) and
Tekes MASI-program. We acknowledge support from the
Danish Center for Scientific Computing (DCSC). The Center
for Atomic-scale Materials Design (CAMD) is sponsored
by the Lundbeck Foundation. We thank John Levesque
from Cray Inc.  for parallel calculations on the Cray
XTS5 Jaguar at Oak Ridge National Laboratory. The
Argonne Leadership Computing Facility at Argonne National



J. Phys.: Condens. Matter 22 (2010) 253202

Topical Review

Laboratory is supported by the Office of Science of the US
Department of Energy under contract DE-AC02-06CH11357.

References

(1]
(2]

(3]
(4]

(1]
(6]

(7]
(8]

(9]

[10]

(11]

[12]

[13]

[14]
[15]

[16]

(17]

[18]

[19]

[20]
[21]

(22]

Hohenberg P and Kohn W 1964 Inhomogeneous electron gas
Phys. Rev. 136 B864-71

Kohn W and Sham L J 1965 Self-consistent equations
including exchange and correlation effects Phys. Rev.
140 A1133-8

Runge E and Gross E K U 1984 Density-functional theory for
time-dependent systems Phys. Rev. Lett. 52 997-1000

Phillips J C and Kleinman L 1959 New method for calculating
wavefunctions in crystals and molecules Phys. Rev.
116 287-94

Kleinman L and Bylander D M 1982 Efficacious form for
model pseudopotentials Phys. Rev. Lett. 48 1425-8

Vanderbilt D 1990 Soft self-consistent pseudopotentials in a
generalized eigenvalue formalism Phys. Rev.
B 41 7892-5

Blochl P E 1994 Projector augmented-wave method Phys.
Rev. B 50 17953-79

Wimmer E, Krakauer H, Weinert M and Freeman A J 1981
Full-potential self-consistent
linearized-augmented-plane-wave method for calculating
the electronic structure of molecules and surfaces: O,
molecule Phys. Rev. B 24 864-75

Payne M C, Teter M P, Allan D C, Arias T A and
Joannopoulos J D 1992 Iterative minimization techniques
for ab initio total-energy calculations: molecular dynamics
and conjugate gradients Rev. Mod. Phys. 64 1045-96

Hehre W J, Stewart R F and Pople J A 1969 Self-consistent
molecular-orbital methods. i. Use of Gaussian expansions
of Slater-type atomic orbitals J. Chem. Phys. 51 2657-64

Soler J M, Artacho E, Gale J D, Garcia A, JunqueraJ,
Ordejon P and Sanchez-Portal D 2002 The SIESTA method
for ab initio order- N materials simulation J. Phys.:
Condens. Matter 14 2745

Blum V, Gehrke R, Hanke F, Havu P, Havu V, Ren X,
Reuter K and Scheffler M 2009 Ab initio molecular
simulations with numeric atom-centered orbitals Comput.
Phys. Commun. 180 2175-96

Chelikowsky J R, Troullier N and Saad Y 1994
Finite-difference-pseudopotential method: electronic
structure calculations without a basis Phys. Rev. Lett.
72 1240-3

Beck T L 2000 Rev. Mod. Phys. 72 1041

Junquera J, Paz O, Sanchez-Portal D and Artacho E 2001
Numerical atomic orbitals for linear-scaling calculations
Phys. Rev. B 64 235111

Briggs E L, Sullivan D J and Bernholc J 1996 Real-space
multigrid based approach to large scale electronic structure
calculations Phys. Rev. B 54 14362-75

Tsuchida E and Tsukada M 1995 Electronic-structure
calculations based on the finite-element method Phys. Rev.
B 52 5573-8

Pask J E and Sterne P A 2005 Finite element methods in ab
initio electronic structure calculations Modelling Simul.
Mater. Sci. Eng. 13 R71-96

Lehtovaara L, Havu V and Puska M 2009 All-electron density
functional theory and time-dependent density functional
theory with high-order finite elements J. Chem. Phys.
131 054103

https://wiki.fysik.dtu.dk/gpaw

Kresse G and Joubert D 1999 From ultrasoft pseudopotentials
to the projector augmented-wave method Phys. Rev. B
59 1758

Gonze X et al 2002 First-principle computation of material
properties: the ABINIT software project Comput. Mater.
Sci. 25 478

22

(23]

[24]

(25]

[26]

(27]

(28]

(29]

[30]

(31]
(32]

[33]

[34]

(35]

(36]

[37]

(38]

(39]

[40]

(41]

(42]

[43]

[44]

Holzwarth N A W, Matthews G E, Dunning R B, Tackett A R
and Zeng Y 1997 Comparison of the PAW, pseudopotential,
and LAPW formalisms for density functional calculations
of solids Phys. Rev. B 55 2005

Blochl P E, Forst C J and Schimpl J 2003 The projector
augmented wave method: ab initio molecular dynamics
with full wavefunctions Bull. Mater. Sci. 26 33

Kresse G and Furthmiiller J 1996 Efficiency of ab initio total
energy calculations for metals and semiconductors using a
plane-wave basis set Comput. Mater. Sci. 6 15-50

Giannozzi P ef al 2009 QUANTUM ESPRESSO: a modular
and open-source software project for quantum simulations
of materials J. Phys.: Condens. Matter 21 395502

Ahlrichs R, Biar M, Haser M, Horn H and Kélmel C 1989
Electronic structure calculations on workstation computers:
the program system turbomole Chem. Phys. Lett.

162 165-9

Briggs E L, Sullivan D J and Bernholc J 1995 Large-scale
electronic-structure calculations with multigrid acceleration
Phys. Rev. B 52 R5471-4

Marques M A L, Castro A, Bertsch G F and Rubio A 2003
Octopus: a first-principles tool for excited electron—ion
dynamics Comput. Phys. Commun. 151 60-78

Heiskanen M, Torsti T, Puska M J and Nieminen R M 2001
Multigrid method for electronic structure calculations Phys.
Rev. B 63 245106

Yabana K and Bertsch G F 1996 Time-dependent local-density
approximation in real time Phys. Rev. B 54 4484

Casida M E 1996 Time-dependent density functional response
theory of molecular systems: theory, computational
methods, and functionals Recent Developments and
Applications in Modern Density-Functional Theory
ed J M Seminario (Amsterdam: Elsevier) p 391

Gavnholt J, Olsen T, Engelund M and Schigtz J 2008 A
self-consistent field method to obtain potential energy
surfaces of excited molecules on surfaces Phys. Rev. B
78 075441

Mortensen J J, Hansen L B and Jacobsen K W 2005
Real-space grid implementation of the projector augmented
wave method Phys. Rev. B 71 035109

Marsman M and Kresse G 2006 Relaxed core
projector-augmented-wave method J. Chem. Phys.
125104101

Kiejna A, Kresse G, Rogal J, De Sarkar A, Reuter K and
Scheffler M 2006 Comparison of the full-potential and
frozen-core approximation approaches to
density-functional calculations of surfaces Phys. Rev. B
73 035404

Natan A, Benjamini A, Naveh D, Kronik L, Tiago M L,
Beckman S P and Chelikowsky J R 2008 Real-space
pseudopotential method for first principles calculations of
general periodic and partially periodic systems Phys. Rev. B
78 075109

Tafipolsky M and Schmid R 2006 A general and efficient
pseudopotential Fourier filtering scheme for real space
methods using mask functions J. Comput. Phys. 124
174102

Hartwigsen C, Goedecker S and Hutter J 1998 Relativistic
separable dual-space Gaussian pseudopotentials from H to
Rn Phys. Rev. B 58 3641-62

Kresse G and Furthmiiller J 1996 Efficient iterative schemes
for ab initio total-energy calculations using a plane-wave
basis set Phys. Rev. B 54 11169-86

Wood D M and Zunger A 1985 A new method for
diagonalising large matrices J. Phys. A: Math. Gen.

18 1343

Feng Y T and Owen D R J 1996 Conjugate gradient methods
for solving the smallest eigenpair of large symmetric
eigenvalue problems Int. J. Num. Methods Eng.

39 2209-29

Davidson E R 1975 The iterative calculation of a few of the
lowest eigenvalues and corresponding eigenvectors of large
real-symmetric matrices J. Comput. Phys. 17 87-94

Pulay P 1980 Convergence acceleration of iterative sequences.
The case of SCF iteration Chem. Phys. Lett. 73 393-8


http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1103/PhysRev.140.A1133
http://dx.doi.org/10.1103/PhysRevLett.52.997
http://dx.doi.org/10.1103/PhysRev.116.287
http://dx.doi.org/10.1103/PhysRevLett.48.1425
http://dx.doi.org/10.1103/PhysRevB.41.7892
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.24.864
http://dx.doi.org/10.1103/RevModPhys.64.1045
http://dx.doi.org/10.1063/1.1672392
http://dx.doi.org/10.1088/0953-8984/14/11/302
http://dx.doi.org/10.1016/j.cpc.2009.06.022
http://dx.doi.org/10.1103/PhysRevLett.72.1240
http://dx.doi.org/10.1103/RevModPhys.72.1041
http://dx.doi.org/10.1103/PhysRevB.64.235111
http://dx.doi.org/10.1103/PhysRevB.54.14362
http://dx.doi.org/10.1103/PhysRevB.52.5573
http://dx.doi.org/10.1088/0965-0393/13/3/R01
http://dx.doi.org/10.1063/1.3176508
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
https://wiki.fysik.dtu.dk/gpaw
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1016/S0927-0256(02)00325-7
http://dx.doi.org/10.1103/PhysRevB.55.2005
http://dx.doi.org/10.1007/BF02712785
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1088/0953-8984/21/39/395502
http://dx.doi.org/10.1016/0009-2614(89)85118-8
http://dx.doi.org/10.1103/PhysRevB.52.R5471
http://dx.doi.org/10.1016/S0010-4655(02)00686-0
http://dx.doi.org/10.1103/PhysRevB.63.245106
http://dx.doi.org/10.1103/PhysRevB.54.4484
http://dx.doi.org/10.1103/PhysRevB.78.075441
http://dx.doi.org/10.1103/PhysRevB.71.035109
http://dx.doi.org/10.1063/1.2338035
http://dx.doi.org/10.1103/PhysRevB.73.035404
http://dx.doi.org/10.1103/PhysRevB.78.075109
http://dx.doi.org/10.1103/PhysRevB.58.3641
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1088/0305-4470/18/9/018
http://dx.doi.org/10.1002/(SICI)1097-0207(19960715)39:13<2209::AID-NME951>3.0.CO;2-R
http://dx.doi.org/10.1016/0021-9991(75)90065-0
http://dx.doi.org/10.1016/0009-2614(80)80396-4

J. Phys.: Condens. Matter 22 (2010) 253202

Topical Review

[45]
[46]

(47]

[48]

[49]

[50]

[51]

(52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]
[64]

[65]

[66]

[67]

http://www.tddft.org/programs/octopus/wiki/index.php/Libxc

Perdew J P, Ruzsinszky A, Tao J, Staroverov V N,

Scuseria G E and Csonka G I 2005 Prescription for the
design and selection of density functional approximations:
more constraint satisfaction with fewer fits J. Chem. Phys.
123 062201

Tao J, Perdew J P, Staroverov V N and Scuseria G E 2003
Climbing the density functional ladder: nonempirical meta
generalized gradient approximation designed for molecules
and solids Phys. Rev. Lett. 91 146401

Zhao Y and Truhlar D G 2006 A new local density functional
for main-group thermochemistry, transition metal bonding,
thermochemical kinetics, and noncovalent interactions
J. Chem. Phys. 125 194101

Perdew J P, Ruzsinszky A, Csonka G I, Constantin L A and
Sun J 2009 Workhorse semilocal density functional for
condensed matter physics and quantum chemistry Phys.
Rev. Lett. 103 026403

Perdew J P, Tao J, Staroverov V N and Scuseria G 2004
Meta-generalized gradient approximation: explanation of a
realistic nonempirical density functional J. Chem. Phys.
120 6898-911

Paier J, Hirschl R, Marsman M and Kresse G 2005 The
Perdew—Burke—Ernzerhof exchange—correlation functional
applied to the G2-1 test set using a plane-wave basis set
J. Chem. Phys. 122 234102

Walter M, Hikkinen H, Lehtovaara L, Puska M, Enkovaara J,
Rostgaard C and Mortensen J J 2008 Time-dependent
density-functional theory in the projector augmented-wave
method J. Chem. Phys. 128 244101

Rostgaard C, Jacobsen K W and Thygesen K S 2010 Fully
self-consistent GW calculations for molecules Phys. Rev. B
81 085103

Massidda S, Posternak M and Baldereschi A 1993
Hartree—Fock LAPW approach to the electronic properties
of periodic systems Phys. Rev. B 48 5058-68

Rostgaard C 2009 The projector augmented-wave method
arXiv:0910.1921 [cond-mat.mtrl-sci]

Adamo C and Barone V 1999 Towards reliable density
functional methods without adjustable parameters: the
PBEO model J. Chem. Phys. 110 6158-70

Curtiss L A, Raghavachari K, Redfern P C and Pople J A 1997
Assessment of Gaussian-2 and density functional theories
for the computation of enthalpies of formation J. Chem.
Phys. 106 1063-79

Gritsenko O, van Leeuwen R, van Lenthe E and
Jan Baerends E 1995 Self-consistent approximation to the
Kohn—Sham exchange potential Phys. Rev. A 51 1944-54

Becke A D 1988 Density-functional exchange-energy
approximation with correct asymptotic behavior Phys. Rev.
A 38 3098-100

Kuisma M, Ojanen J, Enkovaara J and Rantala T T 2010
arXiv:1003.0296

Perdew J P, Ruzsinszky A, Csonka G I, Vydrov O A,
Scuseria G E, Constantin L A, Zhou X and Burke K 2008
Restoring the density-gradient expansion for exchange in
solids and surfaces Phys. Rev. Lett. 100 136406

Perdew J P and Levy M 1983 Physical content of the exact
Kohn—Sham orbital energies: band gaps and derivative
discontinuities Phys. Rev. Lett. 51 1884—7

Sham L J and Schliiter M 1983 Density-functional theory of
the energy gap Phys. Rev. Lett. 51 1888-91

Levinshtein M, Rumyantsev S and Shur M 1996 Handbook
Series on Semiconductor Parameters (Singapore: World
Scientific)

Dion M, Rydberg H, Schroder E, Langreth D C and
Lundqvist B 12004 Van der Waals density functional for
general geometries Phys. Rev. Lett. 92 246401

Romaén-Pérez G and Soler J M 2009 Efficient implementation
of a van der Waals density functional: application to
double-wall carbon nanotubes Phys. Rev. Lett. 103 096102

Wellendorff J, Kelkkanen A, Mortensen J J, Lundqvist B I and
Bligaard T 2010 RPBE-vdW description of benzene
adsorption on Au(111) Top. Catal. 53 378-83

23

(68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

(771

(78]

[79]

(80]

[81]

[82]

[83]

[84]

[85]
[86]

[87]

(88]
[89]

[90]

[91]

Dudarev S L, Botton G A, Savrasov S 'Y, Humphreys C J and
Sutton A P 1998 Electron-energy-loss spectra and the
structural stability of nickel oxide: an LSDA + U study
Phys. Rev. B 57 1505-9

Rohrbach A, Hafner J and Kresse G 2004 Molecular
adsorption on the surface of strongly correlated
transition-metal oxides: a case study for Co/NiO(100)
Phys. Rev. B 69 075413

Maxisch T, Wang L and Ceder G 2006 Oxidation energies of
transition metal oxides within the GGA + U framework
Phys. Rev. B 73 195107

Tran F, Blaha P, Schwarz K and Novak P 2006 Hybrid
exchange—correlation energy functionals for strongly
correlated electrons: applications to transition-metal
monoxides Phys. Rev. B 74 155108

Mortensen J J, Kaasbjerg K, Frederiksen S L, Ngrskov J K,
Sethna J P and Jacobsen K W 2005 Bayesian error
estimation in density-functional theory Phys. Rev. Lett.

95 216401

Perdew J P, Burke K and Ernzerhof M 1996 Generalized
gradient approximation made simple Phys. Rev. Lett.
77 3865-8

Yabana K and Bertsch G F 1999 Time-dependent
local-density approximation in real time: application to
conjugated molecules Int. J. Quantum Chem. 75 55-66

Casida M E 1995 Time-dependent density-functional response
theory for molecules Recent Advances in Density
Functional Methods, Part I ed D P Chong (Singapore:
World Scientific) p 155

Grabo T, Petersilka M and Gross E K U 2000 Molecular
excitation energies from time-dependent density functional
theory J. Mol. Struct.: THEOCHEM 501/502 35367

Negishi Y, Chaki N K, Whetten R L and Tsukuda T 2007
Origin of magic stability of thiolated gold clusters: case
study on Au25(Sc6h13)18 J. Am. Chem. Soc. 129 11322

Neuhasuer D and Baer M 1989 The time-dependent
Schrodinger equation: application of absorbing boundary
conditions J. Chem. Phys. 90 4351-5

Chong D P, Gritsenko O V and Baerends E J 2002
Interpretation of the Kohn—Sham orbital energies as
approximate vertical ionization potentials J. Chem. Phys.
116 1760-72

Walter M and Hikkinen H 2008 Photoelectron spectra from
first principles: from the many-body to the single-particle
picture New J. Phys. 10 043018

Allison D A and Cavell R G 1978 Photoelectron spectroscopy
with Zr M¢ (151 eV) radiation. A study of the variation of
relative photoionization cross sections of molecules
containing first row atoms (C, N, O) with exciting radiation
from He' to K, limits J. Chem. Phys. 68 593-601

Sankey O F and Niklewski D J 1989 Phys. Rev. B 40 3979

Delley B 2000 From molecules to solids with the Dmol3
approach J. Chem. Phys. 113 7756

Larsen A H, Vanin M, Mortensen J J, Thygesen K S and
Jacobsen K W 2009 Localized atomic basis set in the
projector augmented wave method Phys. Rev. B 80 195112

Anglada E, Soler J M, Junquera J and Artacho E 2002 Phys.
Rev. B 66 205101

Guinea F, Tejedor C, Flores F and Louis E 1983 Effective
two-dimensional Hamiltonian at surfaces Phys. Rev. B
28 4397

Brandbyge M, Mozos J L, Ordején P, Taylor J and
Stokbro K 2002 Density-functional method for
nonequilibrium electron transport Phys. Rev. B 65 165401

Patterson T N L 1968 Optimum addition of points to
quadrature formulae Math. Comput. 22 847

Meir Y and Wingreen N S 1992 Landauer formula for the
current through an interacting electron region Phys. Rev. B
68 2512

Thygesen K S 2006 Electron transport through an interacting
region: the case of a nonorthogonal basis set Phys. Rev. B
73 035309

Toher C and Sanvito S 2008 Effects of self-interaction
corrections on the transport properties of phenyl-based
molecular junctions Phys. Rev. B 77 155402


http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc
http://dx.doi.org/10.1063/1.1904565
http://dx.doi.org/10.1103/PhysRevLett.91.146401
http://dx.doi.org/10.1063/1.2370993
http://dx.doi.org/10.1103/PhysRevLett.103.026403
http://dx.doi.org/10.1063/1.1665298
http://dx.doi.org/10.1063/1.1926272
http://dx.doi.org/10.1063/1.2943138
http://dx.doi.org/10.1103/PhysRevB.81.085103
http://dx.doi.org/10.1103/PhysRevB.48.5058
http://arxiv.org/abs/0910.1921
http://dx.doi.org/10.1063/1.478522
http://dx.doi.org/10.1063/1.473182
http://dx.doi.org/10.1103/PhysRevA.51.1944
http://dx.doi.org/10.1103/PhysRevA.38.3098
http://arxiv.org/abs/1003.0296
http://dx.doi.org/10.1103/PhysRevLett.100.136406
http://dx.doi.org/10.1103/PhysRevLett.51.1884
http://dx.doi.org/10.1103/PhysRevLett.51.1888
http://dx.doi.org/10.1103/PhysRevLett.92.246401
http://dx.doi.org/10.1103/PhysRevLett.103.096102
http://dx.doi.org/10.1007/s11244-010-9443-6
http://dx.doi.org/10.1103/PhysRevB.57.1505
http://dx.doi.org/10.1103/PhysRevB.69.075413
http://dx.doi.org/10.1103/PhysRevB.73.195107
http://dx.doi.org/10.1103/PhysRevB.74.155108
http://dx.doi.org/10.1103/PhysRevLett.95.216401
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1002/(SICI)1097-461X(1999)75:1<55::AID-QUA6>3.0.CO;2-K
http://dx.doi.org/10.1016/S0166-1280(99)00445-5
http://dx.doi.org/10.1021/ja073580+
http://dx.doi.org/10.1063/1.456646
http://dx.doi.org/10.1063/1.1430255
http://dx.doi.org/10.1088/1367-2630/10/4/043018
http://dx.doi.org/10.1063/1.435780
http://dx.doi.org/10.1103/PhysRevB.40.3979
http://dx.doi.org/10.1063/1.1316015
http://dx.doi.org/10.1103/PhysRevB.80.195112
http://dx.doi.org/10.1103/PhysRevB.66.205101
http://dx.doi.org/10.1103/PhysRevB.28.4397
http://dx.doi.org/10.1103/PhysRevB.65.165401
http://dx.doi.org/10.2307/2004583
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevB.73.035309
http://dx.doi.org/10.1103/PhysRevB.77.155402

J. Phys.: Condens. Matter 22 (2010) 253202

Topical Review

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

Neaton J B, Hybertsen M S and Louie S G 2006
Renormalization of molecular electronic levels at
metal-molecule interfaces Phys. Rev. Lett. 97 216405

Garcia-Lastra J M, Rostgaard C, Rubio A and Thygesen K S
2009 Polarization-induced renormalization of molecular
levels at metallic and semiconducting surfaces Phys. Rev. B
80 245427

Thygesen K S 2008 Impact of exchange—correlation effects on
the IV characteristics of a molecular junction Phys. Rev.
Lett. 100 166804

Thygesen K S and Rubio A 2008 Conserving GW scheme for
nonequilibrium quantum transport in molecular contacts
Phys. Rev. B 77 115333

Wang X, Spataru C D, Hybertsen M S and Millis A J 2008
Electronic correlation in nanoscale junctions: comparison
of the gw approximation to a numerically exact solution of
the single-impurity anderson model Phys. Rev. B
77 045119

Jacob D, Haule K and Kotliar G 2009 Kondo effect and
conductance of nanocontacts with magnetic impurities
Phys. Rev. Lett. 103 016803

Scheer E, Agrait N, Cuevas J C, Yeyati A L, Ludoph B,
Martin-Rodero A, Bollinger G R, van Ruitenbeek J M and
Urbina C 1998 The signature of chemical valence in the
electrical conduction through a single-atom contact Nature
394 154-7

Djukic D, Thygesen K S, Untiedt C, Smit R H M,

Jacobsen K W and van Ruitenbeek J M 2005 Stretching
dependence of the vibration modes of a single-molecule
pt-h-2-pt bridge Phys. Rev. B 71 161402

Jones R O and Gunnarsson O 1989 The density functional
formalism, its applications and prospects Rev. Mod. Phys.
61 689-746

Hellman A, Razaznejad B and Lundqyvist B 12004
Potential-energy surfaces for excited states in extended
systems J. Chem. Phys. 120 4593-602

Gunnarsson O and Lundqvist B I 1976 Exchange and
correlation in atoms, molecules, and solids by the
spin-density-functional formalism Phys. Rev.

B 13 4274-98

Olsen T, Gavnholt J and Schigtz J 2009 Hot-electron mediated
desorption rates calculated from excited-state potential
energy surfaces Phys. Rev. B 79 035403

Olsen T 2009 Inelastic scattering in a local polaron model
with quadratic coupling to bosons Phys. Rev. B 79 235414

Olsen T and Schigtz J 2009 Origin of power laws for reactions
at metal surfaces mediated by hot electrons Phys. Rev. Lett.
103 238301

Olsen T and Schigtz J 2010 Vibrationally mediated control of
single-electron transmission in weakly coupled
molecule—metal junctions Phys. Rev. B 81 115443

Stohr J 1992 NEXAFS Spectroscopy (Berlin: Springer)

24

[108]

[109]

[110]

[111]

[112]

[113]

[114]
[115]

[116]

[117]

[118]

[119]

[120]
[121]

[122]

[123]

[124]

Triguero L, Pettersson L G M and Agren H 1998 Calculations
of near-edge x-ray-absorption spectra of gas-phase and
chemisorbed molecules by means of density-functional and
transition-potential theory Phys. Rev. B 58 8097-110

Taillefumier M, Cabaret D, Flank A-M and Mauri F 2002
X-ray absorption near-edge structure calculations with the
pseudopotentials: application to the k edge in diamond and
a-quartz Phys. Rev. B 66 195107

Haydock R, Heine V and Kelly M J 1972 Electronic structure
based on the local atomic environment for tight-binding
bands J. Phys. C: Solid State Phys. § 2845-58

Hasnip P J and Pickard C J 2006 Electronic energy
minimisation with ultrasoft pseudopotentials Comput.
Phys. Commun. 174 24-9

Takahashi O and Pettersson L G M 2004 Functional
dependence of core-excitation energies J. Chem. Phys.

121 1033945

Kolczewski C et al 2001 Detailed study of pyridine at the C 1s
and N 1s ionization thresholds: the influence of the
vibrational fine structure J. Chem. Phys. 115 6426-37

http://w3.rz-berlin.mpg.de/~hermann/StoBe/

Ma 'Y, Wassdahl N, Skytt P, Guo J, Nordgren J, Johnson P D,
Rubensson J-E, Boske T, Eberhardt W and Kevan S D 1992
Soft-x-ray resonant inelastic scattering at the C k edge of
diamond Phys. Rev. Lett. 69 2598-601

Thygesen K S, Hansen L B and Jacobsen K W 2005 Partly
occupied Wannier functions: construction and applications
Phys. Rev. B 72 125119

Ferretti A, Calzolari A, Bonferroni B and Di Felice R 2007
Maximally localized Wannier functions constructed from
projector-augmented waves or ultrasoft pseudopotentials
J. Phys.: Condens. Matter 19 036215

Quek S Y, Venkataraman L, Choi H J, Louie S G,

Hybertsen M S and Neaton J B 2007 Amine-gold linked
single-molecule circuits: experiment and theory Nano Lett.
7 3477-82

Tang W, Sanville E and Henkelman G 2009 A grid-based
Bader analysis algorithm without lattice bias J. Phys.:
Condens. Matter 21 084204

http://theory.cm.utexas.edu/henkelman/research/bader/

Martins J L and Cohen M L 1988 Diagonalization of large
matrices in pseudopotential band-structure calculations:
dual-space formalism Phys. Rev. B 37 6134

Blackford L S et al 1997 ScalAPACK Users’ Guide
(Philadelphia, PA: Society for Industrial and Applied
Mathematics)

Walter M, Akola J, Lopez-Acevedo O, Jadzinsky P D,

Calero G, Ackerson C J, Whetten R L, Gronbeck H and
Hikkinen H 2008 A unified view of ligand-protected gold
clusters as superatom complexes Proc. Natl Acad. Sci.
105 9157-62

Bahn S and Jacobsen K W 2002 Comput. Sci. Eng. 4 56
https://wiki.fysik.dtu.dk/ase


http://dx.doi.org/10.1103/PhysRevLett.97.216405
http://dx.doi.org/10.1103/PhysRevB.80.245427
http://dx.doi.org/10.1103/PhysRevLett.100.166804
http://dx.doi.org/10.1103/PhysRevB.77.115333
http://dx.doi.org/10.1103/PhysRevB.77.045119
http://dx.doi.org/10.1103/PhysRevLett.103.016803
http://dx.doi.org/10.1038/28112
http://dx.doi.org/10.1103/PhysRevB.71.161402
http://dx.doi.org/10.1103/RevModPhys.61.689
http://dx.doi.org/10.1063/1.1645787
http://dx.doi.org/10.1103/PhysRevB.13.4274
http://dx.doi.org/10.1103/PhysRevB.79.035403
http://dx.doi.org/10.1103/PhysRevB.79.235414
http://dx.doi.org/10.1103/PhysRevLett.103.238301
http://dx.doi.org/10.1103/PhysRevB.81.115443
http://dx.doi.org/10.1103/PhysRevB.58.8097
http://dx.doi.org/10.1103/PhysRevB.66.195107
http://dx.doi.org/10.1088/0022-3719/5/20/004
http://dx.doi.org/10.1016/j.cpc.2005.07.011
http://dx.doi.org/10.1063/1.1809610
http://dx.doi.org/10.1063/1.1397797
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://w3.rz-berlin.mpg.de/~hermann/StoBe/
http://dx.doi.org/10.1103/PhysRevLett.69.2598
http://dx.doi.org/10.1103/PhysRevB.72.125119
http://dx.doi.org/10.1088/0953-8984/19/3/036215
http://dx.doi.org/10.1021/nl072058i
http://dx.doi.org/10.1088/0953-8984/21/8/084204
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://theory.cm.utexas.edu/henkelman/research/bader/
http://dx.doi.org/10.1103/PhysRevB.37.6134
http://dx.doi.org/10.1073/pnas.0801001105
http://dx.doi.org/10.1109/5992.998641
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase
https://wiki.fysik.dtu.dk/ase

	1. Introduction
	2. General overview
	2.1. Projector augmented-wave method
	2.2. Atomic setups
	2.3. Uniform 3d real-space grids
	2.4. Localized functions and Fourier filtering
	2.5. Iterative solution of eigenproblem
	2.6. Density mixing

	3. Exchange--correlation functionals in GPAW
	3.1. Meta-GGA
	3.2. Exact exchange
	3.3. GLLB approximation for the exact exchange
	3.4. van der Waals functional

	4. Error estimation
	5. Time-dependent density-functional theory
	5.1. Real-time propagation
	5.2. Linear-response formalism
	5.3. Optical absorption spectra
	5.4. Non-linear emission spectra
	5.5. Photoelectron spectra

	6. Localized atomic-like basis functions
	6.1. Non-equilibrium electron transport

	7. Additional features
	7.1. ΔSCF 
	7.2. X-ray absorption spectra
	7.3. Wannier orbitals
	7.4. Local properties

	8. Parallel calculations
	9. Summary and outlook
	Acknowledgments
	References

