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ABSTRACT: We demonstrate the use of the plane wave basis for all-electron 0
electronic structure calculations. The approach relies on the definition of an
analytic, norm-conserving, regularized Coulomb potential, and a scalable
implementation of the plane wave method capable of handling large energy

Plane waves

cutoffs (up to 80 kRy in the examples shown). The method is applied to the 7 +
computation of electronic properties of isolated atoms as well as the diamond € -10 | Regularized potentials
and silicon crystals, MgO, solid argon, and a configuration of 64 water s for

molecules extracted from a first-principles molecular dynamics simulation. The
computed energies, band gaps, ionic forces, and stress tensors provide reference
results for the validation of pseudopotentials and/or localized basis sets. A
calculation of the all-electron band structure of diamond and silicon using the -20
SCAN meta-GGA density functional allows for a validation of calculations

based on pseudopotentials derived using the PBE exchange-correlation
functional. In the case of (H,0)g,, the computed ionic forces provide a reference from which the errors incurred in pseudopotential
calculations and in localized Gaussian basis sets calculations can be estimated.

All-electron calculations

0 0.2 0.4 0.6 0.8 1
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1. INTRODUCTION through the definition of “muffin-tin” (MT) regions in APW
methods, through local adaptive refinement in multiresolution
and FE methods, or through enrichment of the basis set by an
appropriate choice of localized basis functions in FE methods."’

For atom-centered basis sets such as Gaussian basis sets, the
process of approaching a complete basis involves the addition of
diffuse basis functions as well as higher order spherical
harmonics. For example, Lee et al.'' have recently shown that
large, uncontracted Gaussian-type orbital (GTO) basis sets can
achieve a high accuracy in periodic solids. MT-based methods
require the addition of localized orbitals in the basis of
augmented plane waves (LAPW-lo)."” Grid-based methods
require a systematic increase of the basis set size, achieved, e.g,,
by reducing the grid spacing or using higher order finite
elements.

Among the above methods, the FLAPW method is currently
considered the “gold standard” of all-electron electronic
structure methods. Recently, Gulans et al."* have demonstrated
convergence of the DFT LDA energy of the order of 1
microHartree (#Ha) in the G2—1 set of molecules'* using the
EXCITING LAPW+lo program.'® Multiresolution methods
have also demonstrated a similar level of accuracy."’ However,
approaching the complete basis limit using the FLAPW method

The importance of density functional theory' as an electronic
structure method has motivated the development of many
numerical electronic structure computation methods during the
past decades. With the growing need to validate approximations
used in DFT electronic structure theory, in particular the choice
of exchange-correlation functional, more attention has been paid
to the accuracy of the numerical methods used in the solution of
the Kohn—Sham (KS) equations” of DFT. The validation of a
physical approximation (such as, e.g., the choice of a specific
exchange-correlation functional) requires the ability to increase
numerical accuracy to the point where numerical errors are
much smaller than the differences due to physical approx-
imations.

A comprehensive review of electronic structure methods has
been given by Martin.” Among the many existing electronic
structure methods, all-electron methods, i.e., including both core
and valence electrons, must address the inherent multiscale
character of the electronic structure problem that stems from the
range of length and energy scales involved in the description of
core and valence electrons. For an element of atomic number Z,
the ratio of length scales involved is directly proportional to Z,
while the energies involved span a range scaling as Z*. This
multiscale aspect has motivated multiple approaches that aim to
include both core and valence electrons. Such methods include
augmented plane wave (APW) methods,” multiresolution
methods,”® numerical atomic orbital (NAO) basis methods,”
Gaussian basis set methods,” and finite element (FE) methods.’
Most of these approaches rely on the use of atom-centered basis
functions, either directly in NAO and Gaussian basis methods,
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still requires expert knowledge, e.g., of the atomic electronic
structure in order to define the local orbital basis at appropriate
energies, choosing parameters such as the MT radius and
angular momentum cutoffs, and controlling the linearization
error.'® Furthermore, the implementation of the method for
recent (meta-GGA) exchange-correlation functionals remains
challenging."”

In a different context, when used with pseudopotentials, the
plane wave method presents a number of attractive features,
such as the ability to compute ionic forces without basis set
superposition effects, and an unbiased description of unoccu-
pied orbitals. It avoids the issue of overcompleteness of the basis
set that affects all localized orbital methods when reaching the
complete basis set limit. The translational invariance of the plane
wave basis simplifies the computation of the stress tensor of a
solid, which in turn allows for straightforward iterative
optimization of unit cell parameters.'® Numerical implementa-
tions also benefit from the availability of efficient Fast Fourier
Transform algorithms and efficient reciprocal space precondi-
tioners.

The use of a plane wave basis, however, requires using smooth
potentials. Traditionally, this was achieved by using pseudopo-
tentials that remove core electrons and are thus unable to
address the all-electron problem directly. This in turn shifts the
focus of a high-accuracy calculation on the availability of
accurate pseudopotentials. A wide variety of pseudopotentials
have been proposed over the past decades, including norm-
conserving,'” ultrasoft,”” and projector augmented wave
(PAW)*' potentials, each addressing the challenge of describing
valence electrons accurately in various environments. The use of
a pseudopotential always involves an assumption of trans-
ferability from an isolated atom to an arbitrary environment.
While considerable progress has been made in recent years to
develop accurate pseudopotentials,” their accuracy can only be
assessed by comparison with all-electron results when available.
This comparison is made difficult by the fact that pseudopo-
tentials must be derived for a specific choice of exchange-
correlation functional, and should only be used with that same
functional. Furthermore, pseudopotential parameters are
typically optimized to reproduce accurately ground state
properties computed with all-electron methods (e.g., energy vs
volume curves for solids). The description of unoccupied
electronic orbitals is typically not included in the figure of merit
defining a pseudopotential. This in turn requires the all-electron
method of reference to be able to provide accurate empty
orbitals and eigenvalues, which can be challenging. A careful
validation of pseudopotentials is critical for the computation of
band gaps, in particular when the computed DFT band gap is the
starting point of a more elaborate calculation using many-body
perturbation theory.

In this paper, we describe an all-electron, plane wave
electronic structure method that reconciles the accuracy of an
all-electron method with the simplicity of the plane wave basis.
The method relies on the definition of an analytic, norm-
conserving (ANC) potential representing electron—ion inter-
actions, and a scalable implementation of the plane wave method
capable of operating with very large energy cutoffs (up to 80 kRy
in the examples presented). We show how the electronic
structure of atoms and solids can be obtained, and how results
can serve as reference data for the validation of pseudopotentials
or for the validation of all-electron methods. The method also
allows for the computation of the stress tensor, which can be
difficult to obtain with typical all-electron methods. Conven-

tional preconditioning approaches used in plane wave
implementations can be used without modification at large
energy cutofls, so that the iterative solution of the Kohn—Sham
equations does not require the use of specialized algorithms such
as, e.g., Chebyshev filtering. We demonstrate the use of the plane
wave method in all-electron calculations performed with the
SCAN meta-GGA exchange-correlation functional, whose self-
consistent implementation in conventional all-electron methods
is challenging.17 Last, we show how the AEPW calculation of
ionic forces in a 64-molecule water system provides reference
data that are used to validate pseudopotentials and Gaussian
basis sets. We note that other authors have considered the use of
regularized Coulomb potentials, such as, e.g,, for the smooth
representation of electron—electron interactions,” or in the
context of multiresolution electronic structure calculations.’
The definitions of the regularized potentials used by these
authors rely on minimizing errors in the expectation value of the
potential energy and differ from the approach we use here.

2. METHODS AND ALGORITHMS

Using the plane wave basis for all-electron calculations depends
critically on a careful choice of a smooth potential to replace the
electron—ion Coulomb interaction. We define a regularized
Coulomb potential that has the following essential properties:
(i) it is analytic, i.e,, it has no discontinuous derivatives of any
order, (ii) it is norm-conserving in the sense defined by Hamann,
Schliiter, and Chiang,'” and (iii) it depends on a single
parameter that can be used to approach the Coulomb potential
arbitrarily closely. Analyticity of the potential is necessary to
ensure a rapid convergence of a Fourier representation.
Discontinuities in the derivatives of a potential cause a slow
(algebraic) decay of its Fourier coefficients, which in turn
requires the use of a large plane wave energy cutoft in order to
reach convergence. The norm conservation condition is critical
and ensures that the noninteracting hydrogenoid eigenvalues are
accurate and that orbitals are correctly reproduced away from
the nucleus. In the case of pseudopotentials, this property was
shown to lead to an improved transferability of potentials to
arbitrary environments.'” Last, a simple parametrization allows
for a systematic exploration of the convergence of the method in
the limit where the Coulomb potential is recovered.

2.1. Analytic Norm-Conserving Regularized Potential.
In this section, we first define a regularized potential for the
hydrogen atom, and then derive the potentials of all other
elements using a simple scaling relation. Starting with the
hydrogen atom, we seek to define a smooth analytic potential
V(r) such that

1. The lowest energy solution ¢(r) of the Schrodinger
equation

1 &
== 0) + V() = Ep() 1)

has eigenvalue E = —%
2. ¢(r) is differentiable at r = 0
. _ L —r
3. hm (b(r) = NG e

Rather than defining directly a regularized potential, we
choose to first define the orbital ¢p(r) and then define the

potential by inversion of the Schrédinger equation. We use the
following definition of the 1s orbital ¢)(r)

https://doi.org/10.1021/acs.jctc.2c01191
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LI
P = e
NE ()
where the function h(r) must be defined. Inverting the
Schrédinger equation using the known eigenvalue E,; = —1/2,
we obtain
1 11d
V() ==+ ———5r
2 2¢prdr 3)

Using the definition of the function ¢(r) in eq 2, it is easily
shown that it satisfies the Schrodinger equation for the potential

Ly M HOE )

Vi =~ 2 2

(4)

In order to obtain the correct asymptotic behavior of the wave
function ¢(r) as r — oo, we require

Yim M) == s
In order for ¢)(r) to be differentiable at r = 0, we impose

lim h(r) = h(0) + O(r*

tim h(r) = h(0) + 0(") ©
These conditions are satisfied by the function

h(a, b, r) = —r erf(ar) + b e 7)

where a is a parameter determining the range of the
regularization and b is an adjustable parameter. The derivatives
appearing in the definition of the potential V(a, b, r) are

T

[4a4b + 4?[13]1’2] e
T

h/(a, b; T) = - erf(ar) - z(azb + %)T e—azr2 (8)

and

W(a, b, r) = |-2ab — e +
N

T
(9)
The potential is finite and differentiable at r = 0
1
lim V(a, b, r) = == — 3a’b — Sa + 0(r?)
r—0 2 ﬁ (10)

2.1.1. Norm Conservation. While the potential defined above
reproduces the 1s eigenvalue exactly by construction, it is
important to ensure that higher eigenvalues and corresponding
wave functions are reproduced with appropriate accuracy. For
that purpose, we impose a norm conservation constraint on the
potential, as defined by Hamann, Schliiter, and Chiang.lg These
authors showed that a norm-conserving potential has enhanced
transferability properties, i.e., it is capable of reproducing wave
functions accurately at energies that differ from the eigenvalue
used in the derivation of the potential. For the specific form of
the wave function chosen in eq 2, the norm conservation
condition is enforced by adjusting the value of the parameter b
so that

(oo}
22
471[; ¢(a, b, r)’r dr=1 (11)
We note that simply normalizing the wave function by rescaling
@(a, b, r) would not satisfy the norm conservation condition
since it would modify the wave function at large r. Instead,
normalizing by adjusting the parameter b does not affect the
wave function at large r. The above expressions thus define a

1302

family of analytic, norm-conserving (ANC), regularized
potentials that are entirely determined by the choice of the
parameter g, and approach the Coulomb potential in the limit a
— 00. The parameter b is tied to the choice of a and is defined by
the norm conservation condition. A table of the values of b
satisfying the norm conservation condition is given in the
Supporting Information. In practice, it is found that for the
hydrogen atom, values of a > 4 yield solutions of the
noninteracting Schrodinger equation with 2s, 3s, etc. eigenval-
ues within a few microHartrees (#Ha) of the exact eigenvalues.
Increasing the value of 4 reduces the error further below 1 yHa.
The regularized potential deviates from the Coulomb potential
in a region of radius O(1/a) near r = 0, and the Coulomb
potential is recovered in the limit r — oo0. The regularized
potential of the hydrogen atom generated using the values a = 4,
6, 8 is shown in Figure 1, and the corresponding ls wave
functions are shown in Figure 2.

V() (a.u)

-20 : . s . .
0.4 0.6 0.8 1

r(a.u.)

Figure 1. Norm-conserving regularized potential of the hydrogen atom
for the values a =4 (red), a = 6 (green), and a = 8 (blue). The Coulomb
potential is shown as a dotted line.

2.1.2. Convergence of Noninteracting Eigenvalues. In
order to illustrate the importance of the norm conservation
condition, we analyze the convergence of the eigenvalues of the
n > 1, I = 0 solutions for the noninteracting hydrogen atom.
While the nn = 1 eigenvalue is exact by construction (E;, = —1/2),

0.6
0.5
0.4

0.3

o(@r)

0.2

0.1

0 1 ! L 1
0.4 0.6 0.8 1

r(a.u.)

Figure 2. Hydrogen 1s wave function for the values a = 4, 6, 8 compared
to the exact wave function ¢(r) = exp(—r)/ V7.

https://doi.org/10.1021/acs.jctc.2c01191
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higher eigenvalues for n = 2, 3, ... are affected by an error that
decreases as the parameter g is increased to approach the exact
Coulomb potential. We have computed the eigenvalues E(n, I
0) for various values of a using a radial Schrodinger equation
solver based on a finite difference representation of the
Laplacian operator, resulting in a tridiagonal Hamiltonian
matrix that is diagonalized using the LAPACK library. We find
that the error in E(n, [ = 0), defined as

AE(n,1=0) = E(n, 1= 0) +%
2n

(12)

decreases as the value of a is increased. The decay of the error
follows approximately the power law 1/ a>>. We note that, as
expected, the error in the eigenvalues becomes smaller for large
n, since the amplitude of the corresponding hydrogenoid
orbitals gets smaller near the nucleus, where the ANC potential
deviates from the Coulomb potential. The rapid decrease of the
error for increasing a is a consequence of the norm conservation
condition, and plays a critical role in achieving convergence
using reachable plane wave cutoffs. In order to illustrate the
importance of the norm conservation condition, we show on
Figure 3 the decay of AE(n, | = 0) for n = 2, 3, 4 computed with

1 ‘ .

V(a,b,n n=|2,3,4 -
1/a5.5 .............
w2l T V(ab=0,) n=2,3,4 —— |
El
8
ET 10-4 [
£
L
<
10° ¢
10 : ‘ : '

Figure 3. Decay of the error AE(n, | = 0) as a function of the parameter
a, computed with an ANC potential (blue lines) and with a potential
V(a, b=0, r) that does not satisfy the norm conservation condition. The
top blue line corresponds to n = 2 and the bottom blue line to n = 4. The
order of the red lines is similar. The blue and red dotted lines show the
decay of a function «1/a> and «1/a’ respectively.

the ANC potential V(a, b, r) compared to the error obtained
using V(a, b = 0, r) (ie, a potential that reproduces the 1s
eigenvalue exactly but does not satisfy the norm conservation
condition). The decay of the error for V(a, b = 0, r) is slower
than for the ANC potential, and only decreases approximately as
1/a’. We also compare the ANC potential with a simple
regularized potential
erf ur

Vaelp, 1) = =42 )
that does not reproduce the 1s eigenvalue exactly and does not
satisfy a norm conservation condition. The computed
eigenvalues show an even slower decrease of the error, which
decays approximately as 1/a’. Figure 4 shows the decay of the
error in the E(n, | = 0) eigenvalues for n = 2, 3, 4 computed with
the ANC potential and the potential —erf(yr)/r for u = 10a.

1303

ANC n=2,3,4 ——
1/a%°
Verf n=2,3,4 —— |

108 ‘ ‘ .
2

Figure 4. Decay of the error AE(n, [ = 0) as a function of the parameter
a, computed with an ANC potential (blue lines) and with a regularized
potential —erf (ur)/r with 4 = 10a. The top blue line corresponds to n =
2 and the bottom blue line to n = 4. The order of the red lines is similar.
The blue and red dotted lines show the decay of a function 1/a>* and
o1/d? respectively.

Similar convergence results are found for the ANC potential
for =1 and ! =2 (see Figure 1 in the Supporting Information).
We note that the error in E(rn = 2, | = 0) obtained with the ANC
potential is smaller than 1 yHa for a = 4, and errors for n > 2 are
even smaller.

2.1.3. Scaling Relation. The ANC potential for arbitrary
elements (Z > 1) can be derived simply from the Z = 1 potential
using the following scaling relation:

V(Z,r) = 22V(Zr) (14)

where V(r) is the hydrogen atom ANC potential defined above.
Under the transformation r — Zr, the Schrodinger equation for
the hydrogen atom becomes

2L ) 4 vz, () = Bz
2 rdr? (15)
It is easily verified that the function
3/2 2"
Z,r) =2 1, Zr) = Z— &
020 = 2,0, 7) = e »

is a solution of the scaled Schrodinger equation with eigenvalue
72
2 (17)

The 1s function is a solution of the Schrodinger equation for the
potential

E =

V(Z,r) =2V(1, Zr) (18)
We therefore define the ANC potential for Z > 1 as
V(Z,a,b,r)=2ZV(1,a, b, Zr) (19)

The noninteracting electronic structure for Z > 1 follows the
expected behavior from the above scaling relation. The error in
hydrogenoid eigenvalues scales as Z*. For a = 4, this changes the
error in the E,, eigenvalue from 0.64 yHa for H (Z = 1) to 63
puHa for Ne (Z = 10), and 205 uHa for Ar (Z = 18). These errors
can be reduced by increasing the value of the a parameter.

https://doi.org/10.1021/acs.jctc.2c01191
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3. IMPLEMENTATION

The use of a plane wave basis for all-electron calculations relies
critically on an implementation of the plane wave method that is
capable of scaling to very large plane wave energy cutoffs (e.g., of
the order of 100 kRy). We use the Qbox code**** which was
designed for large scale parallelism. Qbox can use large plane
wave basis sets by distributing plane wave basis functions over
thousands of processors. The use of a conventional reciprocal
space preconditioner is effective, and the number of iterations
needed to complete a calculation is similar to that of
conventional pseudopotential calculations. Furthermore, Qbox
includes the capability to change the plane wave cutoff on the fly
during a calculation, which makes it possible to reach
convergence gradually, in a way similar to the Full Approx-
imation Scheme (FAS) used in multigrid methods.”® It also
allows for changes of ionic potential during a calculation, which
allows for systematic increase of the parameter a during a single
calculation.

4. DFT CALCULATIONS

Having verified the transferability of ANC potentials to energies
that differ from the 1s eigenvalue in the noninteracting case, we
now proceed to demonstrate the accuracy of the AEPW
approach in DFT calculations of atoms, solids, and liquids. In the
application to DFT calculations, it is important to note that the
regularized potential is defined independently of any choice of
density functional, since it is taylored to reproduce the
noninteracting problem. This allows for a comparison of density
functionals in calculations using the same ANC potential and the
same basis set. Examples of such comparisons are given below in
calculations of the band structure of selected solids using the
PBE”” and SCAN™® exchange-correlation functionals.

4.1. Atoms. We first test the AEPW approach on the simple
problem of the DFT electronic structure of the hydrogen atom.
Accurate results were obtained by Kotochigova et al.””** who
used an atomic program based on a logarithmic radial mesh and
achieved an accuracy better than 1 yHa for the Kohn—Sham
energy. Their calculations used the Vosko-Wilk-Nusair (VWN)
exchange-correlation functional’’ and yielded a (spin-re-
stricted) Kohn—Sham energy Exs = —0.445671 Ha. In order
to allow for a comparison with this reference result, we
computed the Kohn—Sham energy of a single hydrogen atom
placed in an FCC unit cell having a lattice parameter of 40 (a.u.).
The use of this large unit cell makes the interaction between
periodic replicas negligible on the scale of the errors considered.
A systematic study of the convergence with respect to the
parameter a and the plane wave energy cutoft is given in Table 1
where we show deviations AE from the AEPW value E =
—0.44567052 Ha obtained using a = 20 (a.u.) and E,, = 10 kRy,
which we consider to be converged within 0.01 yHa. We note
that this converged value agrees with the result of Kotochigova
et al. within less than 1 yHa. This close agreement provides a
remarkable verification of the two numerical methods involved
in computing this number: on one hand, a solution of the
Kohn—Sham equations on a radial logarithmic mesh, and on the
other hand a plane wave calculation using a norm-conserving
regularized potential. Table 1 shows that usinga=4and E_,, =1
kRy yields an error smaller than 10 #Ha. Using a = 7 and a plane
wave cutoff of 2 kRy yields an error of 1.04 yHa. The error can
be further reduced by increasing a, with a corresponding
increase of E,. The minimum E_, needed to converge the

cut*

energy within 0.01 yHa grows proportionally to a* and follows
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Table 1. Error in the DFT Ground State Energy of the
Hydrogen Atom Computed Using the VWN Functional and
Various Values of the Parameter a and Plane Wave Energy
Cutoff E_,,. The Values of E_,, Given in the Table Ensure a

Converged Energy within 0.01 g#Ha for the Corresponding
Value of a

a Eq (KRy) AE (uHa)
4 1 9.00
s 1 3.97
6 1 1.97
7 2 1.04
8 2 0.59
9 3 036
10 4 0.22
11 4 0.15
12 4 0.10
13 5 0.07
14 5 0.05

approximately the relation E_,, ~ 0.025a* where E_, is expressed
in kRy units. The values of E_ given in Table 1 are sufficient to
ensure a converged value of the energy within 0.01 yHa for the
corresponding values of a. A more complete table showing
additional values of a and E_, and a contour plot of the
logarithm of the error are available in the Supporting
Information.

In order to illustrate the behavior of the error for other atoms,
we consider Be (Z = 4). Convergence of the KS VWN energy to
within 1 ygHa requires an increase of the value of 4, and the value
of E . must be increased correspondingly to reach convergence
with respect to basis set size for a given a. We report in Table 2
the error in the energy with respect to the reference result
—14.447209 (a.u.) given in ref 29, for various choices of a and
E

cut*

Table 2. Error in the DFT Ground State Energy of the
Beryllium Atom Computed Using the VWN Functional and
Various Values of the Parameter a and Plane Wave Energy
Cutoff E

cut

a Eq (KRy) AE (uHa)
4 10 26

6 16 11

8 30 34
10 38 LS

These results show that accurate energies can be obtained
from AEPW calculations when increasing the parameter a and
the plane wave cutoff, leading to errors of the order of 1 uHa.
This accuracy criterion is however overly stringent, and useful
information about physical quantities such as, e.g.,, band gaps,
ionic forces, or stress tensor components can be obtained even if
absolute energies are not converged to that degree. We show in
the next section that for solids, such physical quantities can be
computed with high accuracy, and most importantly that
convergence can be tested systematically using the parameters a
and E_.

4.2. Solids. AEPW band structure calculations were carried
out for diamond, silicon, MgO, and solid argon. We have
computed the Kohn—Sham eigenvalues and band gaps at the
high symmetry points of the Brillouin zone. The calculation of
the stress tensor benefits from the simplicity of the plane wave

https://doi.org/10.1021/acs.jctc.2c01191
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basis, and requires no additional implementation compared to
the standard method used in pseudopotential calculations. We
use the approach of Focher et al.'® to ensure that a constant
resolution is used when changing the unit cell size. All
calculations are performed using the 10-point k-point set of
Chadi and Cohen’” to sample the FCC Brillouin zone. We have
verified in the case of pseudopotential calculations that using a 8
X 8 X 8 or 10 X 10 X 10 Monkhorst—Pack k-point set changes
the band gaps by less than 0.005 eV.

4.3. Diamond. We have computed the band structure of
diamond using the AEPW method with the PBE*” and SCAN**
exchange-correlation functionals. We use the experimental value
of the FCC lattice constant apcc = 3.567 A as reported by Haas
et al.”> The main AEPW band gaps are reported in Table 3 for

Table 3. Energies (eV) of the Lowest Conduction Bands of
Diamond at High-Symmetry Points of the BZ Referred to the
Valence Band Maximum, and Minimum Energy Gap E,,
Obtained Using the PBE Exchange-Correlation Functional
and Various Values of the Parameter a and Plane Wave
Energy Cutoff E_

a  Eg (kRy) r X L \ E,

2 6 5600 4770 8467 10626 4.138
3 6 5600 4775 8.468 10627 4142
4 6 5600 4778 8.468 10627 4145
2 10 5600 4770 8.468 10626  4.138
3 10 5600 4775 8.468 10627 4142
4 10 5600 4775 8.468 10627 4143

Table 4. Energies (eV) of the Lowest Conduction States of
Diamond at High-Symmetry Points of the BZ Referred to the
Valence Band Maximum, and Minimum Energy Gap E,,
Obtained Using the SCAN Exchange-Correlation Functional
and Various Values of the Parameter a and Plane Wave
Energy Cutoff E

a E.. (kRy) T X L w E,

2 6 6.146 5.187 9.127 11.331 4.539
3 6 6.147 5.192 9.127 11.332 4.543
4 6 6.147 5.195 9.127 11.333 4.546
2 10 6.146 5.187 9.127 11.331 4.539
3 10 6.147 5.192 9.127 11.332 4.543
4 10 6.147 5.192 9.127 11.332 4.544

the PBE functional, and Table 4 for the SCAN functional. The
value of the minimum band gap E, is obtained using a quadratic
fit to four eigenvalues along the A direction of the Brillouin zone
in the range [0.30, 0.45](27/agcc). The minimum of the
conduction band is found at k = 0.36(0, 0, 27/apcc) in all
calculations reported.

These results show that an accuracy of 0.01 eV is reached for a
=3 and E_ = 6 kRy. Using larger values of a and E_ lead to no

appreciable change in the eigenvalues. FLAPW calculations by

Doumont et al.'” find EgPBE = 4.14 eV and E§CAN =4.54 ¢V in

complete agreement with our AEPW results. A comparison of
AEPW results with pseudopotential calculations using a SG15
optimized norm-conserving Vanderbilt (ONCV) pseudopoten-
tial>* and E,,, = 120 Ry gives a measure of the error introduced

by the use of a pseudopotential. We find E;BE =4.17 eV and

pubs.acs.org/JCTC
Egs CAN _ 448 eV, i.e, errors of 0.03 and 0.06 eV, respectively. In

the case of the PBE calculation, the error is only due to the use of
the pseudopotential approximation, while in the case of SCAN,
an additional error comes from the fact that the SGIS
pseudopotential was derived for the PBE functional.

The equilibrium lattice constant can be obtained by
computing the stress tensor for various values of the lattice
constant. The calculation of the stress tensor requires a larger
plane wave cutoff than the one needed to converge band gaps.
Using E_, values up to 40 kRy, we verified that using E_, = 15
kRy yields stress tensor components within 0.05 GPa of the fully
converged value. We computed the PBE equilibrium lattice
constant using E_, = 15 kRy and a = 4. The stress tensor was
computed for two values of the lattice constant, apcc = 3.5670 A
and apcc = 3.5825 A. We use the confinement potential method
of Focher et al.'® to ensure constant resolution of the plane wave
basis as the cell volume is varied. The equilibrium Ilattice
constant, corresponding to zero stress, was then obtained using
the secant method, yielding the value 3.572 A, in very good
agreement with the FLAPW value reported by Haas et al. (3.575
A). Using the same approach with the SCAN functional yields
the value apcc = 3.552 A. Tran et al.*® obtained the value 3.556 A
using an FLAPW non-self-consistent calculation based on PBE
orbitals and density.

4.4. Silicon. We have computed the band structure of silicon
using the AEPW approach with the PBE*” and SCAN*® density
functionals, and compared results with existing reference data.
We use plane wave energy cutoffs of 60 kRy and 80 kRy. The
parameter a defining the ANC potential is varied between 3 and
4. AEPW eigenvalues change by less than 0.01 eV when
changing the parameter a4 from 3 to 4, and when changing E
from 60 kRy to 80 kRy. In order to facilitate comparisons with
other published work, we use the experimental lattice constant
agcc = 5430 A reported by Haas et al.’” and used by other
authors. The values of the conduction band eigenvalues relative
to the valence band maximum are shown in Tables S and 6 The

Table 5. PBE Eigenvalues of the Lowest Conduction States of
Silicon Referred to the Valence Band Maximum, Compared
to SG15 Pseudopotential and with the LAPW Results of
Reference 36

AEPW (this work) SGI1S FLAPW>¢
r 2.56 2.56 2.56
X 0.73 0.69 0.71
L 1.59 1.52 1.54
E 0.59 0.56 0.47

o

value of the minimum gap was computed by a quadratic fit to
four values in the range [0.30, 0.45](27/agcc) along the A axis

Table 6. SCAN Eigenvalues of the Lowest Conduction States
of Silicon Referred to the Valence Band Maximum,
Compared to Pseudopotential Results Obtained with the
SG1S Potentials Derived Using the PBE Functional

AEPW (this work) SG1S
r 2.86 2.93
X 0.98 0.97
L 1.98 1.86
E 0.83 0.83

o

https://doi.org/10.1021/acs.jctc.2c01191
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of the FCC Brillouin zone. The minimum is found at a value of k
= (0.42, 0, 0)(27/agcc) in all calculations reported here.

Table S includes FLAPW results obtained by Betzinger et
al,*® which are in very good agreement with AEPW results at
high-symmetry points of the BZ, the largest difference being
0.02 eV. The values of the minimum gap E, on the other hand
differ by 0.09 eV. The PBE minimum gap was also computed by
Doumont et al.'” who used the WIEN2K FLAPW code and
reported a value of 0.58 €V, in very good agreement with our
AEPW value (0.59 eV). We also include in Table S the PBE
eigenvalues computed using the SG15 pseudopotential®* with
an 80 Ry plane wave cutoff. The comparison between the AEPW
and SG15 values provides an estimate of the error caused by the
use of the pseudopotential. The error for the gaps reported here
is smaller than 0.07 eV.

We have repeated the above calculations using the SCAN
functional. Results are shown in Table 6. In this case, the
comparison between the AEPW and SG1S values provides an
estimate of the error caused by the use of a pseudopotential
derived using the PBE functional. This error is somewhat larger
than the one due to the pseudopotential approximation alone,
and affects the reported eigenvalues by less than 0.12 eV.

Doumont et al. also computed the value of the SCAN
minimum gap, and obtained a value of 0.83 eV, in exact
agreement with our AEPW value.

These results show that the AEPW approach reproduces
reference results very accurately, both for a generalized gradient
(GGA) and for a meta-GGA (SCAN) density functional.

4.5. Solid Argon. FCC argon provides an example of a
system in which conduction states are delocalized, and thus
require a basis set that properly describes multiple length scales.
This can be achieved, e.g,, in FLAPW calculations by adding
localized orbitals to the APW basis with appropriately chosen
energy parameters. In order to allow for a comparison with
FLAPW results obtained by Michalicek et al,'® we computed
the band structure of FCC Ar using the LDA exchange-
correlation functional. AEPW calculations of the LDA band
structure of FCC Ar were performed using a = 3 and E_,, =
40kRy. Additional calculations with a = 4 and E_, = 60 kRy
confirmed that Kohn—Sham band gaps are converged within
0.01 eV. In order to allow for a coméparison with the FLAPW
results obtained by Michalicek et al.'® we use the same value of
the experimental lattice constant reported in that paper (apcc =
9.93 (au.)). The AEPW results are shown in Table 7 and

Table 7. LDA Eigenvalues of the Lowest Conduction States of
FCC Ar Referred to the Valence Band Maximum, Compared
to FLAPW+HDLOx1 Results of Reference 16

AEPW (this work) FLAPW+HDLOx1"¢
r 8.25 821
X 10.86 10.85
L 11.08 11.07
w 11.92 11.92

compared to the FLAPW+HDLOI1x results of ref 16. The
agreement between the two methods is excellent, with most
deviations amounting to 0.01 eV and the largest being 0.04 V.
Michalicek et al. analyzed the convergence of the FLAPW
method and noted that the addition of localized orbitals (LOs)
to the FLAPW basis is essential to obtain accurate band energies.
The addition of LO basis functions in ref 16 causes a downward
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shift of 1.87 eV in the lowest conduction band at the I'" point,
bringing the result in close agreement with our results.

We note that the FLAPW+HDLOxI results treat core
functions fully relativistically, valence functions using a scalar-
relativistic approximation in the MT spheres, and use a
nonrelativistic approach in the interstitial regions.”” This does
not allow for a straightforward comparison of the results with the
AEPW data which is nonrelativistic. However, on the basis of the
results of ref 29 for atoms, we estimate that the effect of a scalar
relativistic treatment on valence energy differences is small on the
scale of errors considered here. These results show that the
AEPW approach can reproduce accurate FLAPW results, even
in cases where local orbitals must be included in the LAPW basis.
The simplicity of the plane wave method guarantees a systematic
convergence of the basis set for the description of both valence
and conduction states.

4.6. MgO. The calculation of the AEPW band structure of
MgO provides an example of validation of the pseudopotential
approximation in a situation involving significant charge
transfer. Pseudopotentials (in this case both for Mg and O)
are typically derived to reproduce the electronic states of a
neutral atom. In MgO, both Mg and O undergo a charge transfer
of approximately two electrons. It is important to quantify the
effect of the pseudopotential approximation, which assumes no
polarizability of the core shells and additivity of the exchange-
correlation potential. We have computed the AEPW band
structure of MgO in the rocksalt structure using the PBE
exchange-correlation functional and a sequence of ANC
potentials, with a up to 3 (a.u.) for Mg and up to 4 (a.u.) for
O, with a plane wave cutoff E_, = 30 kRy. We have verified that
eigenvalues change by less than 0.01 eV when increasing the
plane wave cutoft to 40 kRy. In order to allow for comparison
with other published results, we use the experimental lattice
constant apcc = 4.207 A reported by Haas et al.”> Table 8
compares AEPW results with the FLAPW results reported by
Betzinger et al.>® and Schlipf et al,*® as well as PAW results
obtained by Paier et al.*’

Table 8. PBE Eigenvalues (eV) of the Lowest Conduction
States of FCC MgO Referred to the Valence Band Maximum,
Compared to LAPW, PAW, and Pseudopotential (SG15)
Results

AEPW (this work) ~ FLAPW®  FLAPW>® PAW>  SGI5
r 4.83 4.84 4.77 4.75 4.80
X 9.14 9.15 9.14 9.15 9.19
L 7.94 8.01 7.93 791 7.95

The AEPW results show a very good agreement with the
FLAPW and PAW results, with a maximum deviation of 0.08 eV.
The SG1S results agree with the AEPW results within 0.05 eV.
This provides an estimate of the error due to the use of the
pseudopotential approximation. In spite of a large charge
transfer, the SG15 pseudopotential appears to be transferable to
configurations that differ from the atomic situation, both in
terms of symmetry and charge state. In a more sensitive test, we
have also verified that the transferability of the SG1S potentials
extends to the calculation of the stress tensor. The o,,
component of the residual stress tensor at the experimental

lattice constant was computed with the SG15 potential using E .

= 100 Ry, yielding o."° = 5.58 GPa, while the corresponding
AEPW value is 5.51 GPa.

https://doi.org/10.1021/acs.jctc.2c01191
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4.7. Liquid Water. In this example, we compute ionic forces
in a 64-molecule sample of water using the PBE density
functional. We use a representative snapshot extracted from a
molecular dynamics trajectory taken from the PBE400 data
set.*>*" AEPW calculations were carried out with E.,, = 30 kRy
and a = 8 for hydrogen, and a = 3 for oxygen. We verified that
changing E_, to 25 kRy affects ionic forces by less than 107°
(a.u.), and consider the results obtained at 30 kRy to be accurate
within that tolerance. Figure 5 shows a Gaussian kernel density

Density (arb. units)

T
0.00
force (a.u.)

T T
-0.10 -0.05

Figure S. Distribution of ionic forces in a 64-molecule H,O snapshot,
computed using the AEPW approach with E_, = 30 kRy. The Gaussian
kernel bandwidth used is 0.003 (a.u.).

cut

estimate of the distribution of AEPW ionic forces. Forces on all
192 atoms in the x, y, and z directions are included in the data
set, for a total of 576 values. All components of the forces fall
within the range [—0.06, 0.06] (a.u.).

In a first comparison, we validate the use of the
pseudopotential approximation by comparing AEPW forces
with those obtained with SG1S5 pseudopotentials, using E, = 80
Ry. Similarly, for a comparison with a calculation based on atom-
centered basis functions, we have used the CP2K prograrn42
(version 7.1) and the TZV2P-GTH combination of Gaussian
basis set and pseudopotentials to evaluate ionic forces on the
same atomic configuration. We used a plane wave cutoff of 400
Ry for the evaluation of the charge density in CP2K. We show in
Figure 6 the distribution of the deviation of ionic forces with
respect to the AEPW forces, for both the SG15 pseudopotential
calculation and for the TZV2P-GTH calculation. Both
calculations show a small error in ionic forces—most errors
being smaller than 0.002 (a.u.)—with the TZV2P-GTH forces
showing somewhat larger deviations from the reference AEPW
results.

The above calculations provide an example of use of AEPW
calculations to validate approximations used in other electronic
structure methods. Similar validations can be performed using,
e.g., other density functionals such as SCAN to estimate errors
due to the use of PBE pseudopotentials, or to assess the effect of
the choice of another atom-centered basis set.

5. DISCUSSION

The above results show that the AEPW approach can reach an
accuracy comparable to the most accurate FLAPW methods in a
number of periodic solids. Convergence of results can be
systematically tested by increasing the parameter a while
simultaneously increasing E_,, to achieve full convergence for
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— SG1580 Ry
—— CP2K TZV2P-GTH

Density (arb. units)

T T T T
0.000 0.002 0.004 0.006
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-0.006 -0.004 -0.002

Figure 6. Distribution of the error in ionic forces computed using an
SG15 pseudopotential and a TZV2P-GTH basis set, referred to the
AEPW results. The Gaussian kernel bandwidth used is 0.00025 (a.u.).

each value of a. The absence of any other parameters in the
calculation—apart from k-point sampling—leads to a high
confidence in the accuracy of the results. In particular, the
completeness of the basis set can be reached systematically for
both occupied and empty orbitals without any prior knowledge
of the electronic structure of the atoms. Another key feature of
the plane wave method is the possibility of enforcing constant
resolution of the basis set while varying unit cell parameters.'® It
is generally observed that convergence of the stress tensor
requires a higher plane wave cutoff and larger values of a than
convergence of band gaps, which benefit from cancellation of
errors in the absolute eigenvalues. Nevertheless, the stress tensor
computed with an appropriately increased E_ yields accurate
values of equilibrium lattice constants. Importantly, the AEPW
approach allows for the direct calculation of the stress tensor and
does not rely on a fit of the energy to an equation of state for the
calculation of the equilibrium lattice constant. This is
particularly relevant in systems of lower symmetry in which
the unit cell is described by multiple parameters, which make the
fitting procedure impractical. Our last example (liquid water)
also shows that an AEPW calculation can be used to test the
accuracy of ionic forces. The validity of the pseudopotential
approximation, and/or the use of a localized basis set, can be
tested quantitatively.

The AEPW approach is expected to enable precise
comparisons between different exchange-correlation func-
tionals, without the additional uncertainty associated with the
construction of a pseudopotential appropriate for a given density
functional. It also avoids the need to rely on approximations in
the FLAPW method such as described in ref 17 where the self-
consistent computation of localized orbitals added to the basis
may not be feasible with complex, e.g., meta-GGA, functionals.

AEPW calculations are straightforward but computationally
expensive, particularly in terms of memory usage, due to the
large plane wave basis used. The calculations presented here
were made possible by the scalability of the Qbox code that
distributes simultaneously plane wave basis functions, bands,
and k-points to different processor partitions. While the smaller
calculations (e.g,, diamond band structure) fit on a moderate-
size cluster, the larger ones (e.g.,, (H,0)4 and FCC Ar) used up
to 512 nodes of the Theta Intel-Cray XC40 computer installed
at Argonne National Laboratory.

https://doi.org/10.1021/acs.jctc.2c01191
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6. CONCLUSIONS

We have demonstrated the feasibility of all-electron, plane wave
electronic structure calculations. Calculations of the electronic
structure of atoms and periodic solids show that accurate values
of energies, ionic forces, stress tensor, and band gaps can be
obtained. The method relies on the use of an analytic, norm-
conserving, regularized potential that replaces the Coulomb
potential describing the electron—ion interaction. The calcu-
lations presented make use of a scalable implementation of the
plane wave method that can accommodate large plane wave
energy cutoffs, up to 80 kRy in the examples considered. Fast
convergence of the self-consistent iterations is achieved by
gradually increasing the plane wave energy cutoft during the
calculation, in a process similar to the Full Approximation
Scheme used in multigrid methods. The simplicity of the plane
wave method makes it an appealing approach when implement-
ing complex density functionals, such as meta-GGA functionals.
Quantities such as ionic forces or stress tensors are readily
available in a conventional implementation without additional
work. AEPW calculations also allow for the validation of the
approximation in which a pseudopotential derived using a given
exchange-correlation functional is then used with another
functional. An example of such validation using the SCAN
functional with PBE-derived potentials was presented for
diamond and silicon. The extension of the AEPW method to
include relativistic effects is under development.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jctc.2c01191.

Tables of the value of the b parameter, additional
convergence data and figures (PDF)

B AUTHOR INFORMATION

Corresponding Author
Frangois Gygi — Department of Computer Science, University of
California Davis, Davis, California 95616, United States;
orcid.org/0000-0002-2287-6017; Email: fgygi@
ucdavis.edu

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jctc.2c01191

Notes
The author declares no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Midwest Integrated Center for
Computational Materials (MICCoM) as part of the Computa-
tional Materials Sciences Program funded by the US Depart-
ment of Energy, Office of Science, Basic Energy Sciences,
Materials Sciences and Engineering Division (5]-30161-
0010A). This research used resources of the National Energy
Research Scientific Computing Center (NERSC), a U.S.
Department of Energy Office of Science User Facility operated
under Contract No. DE-AC02-0SCH11231. An award of
computer time was provided by the Innovative and Novel
Computational Impact on Theory and Experiment (INCITE)
program. This research used resources of the Argonne
Leadership Computing Facility, which is a DOE Office of
Science User Facility supported under Contract DE-ACO02-

1308

06CH11357. Part of this research was performed while the
author was visiting the Institute for Pure and Applied
Mathematics (IPAM), which is supported by the National
Science Foundation (Grant No. DMS-1925919).

B REFERENCES

(1) Dreizler, R. M.; Gross, E. K. U. Density Functional Theory: An
Approach to the Quantum Many-Body Problem; Springer, 1990.

(2) Kohn, W,; Sham, L. J. Self-Consistent Equations Including
Exchange and Correlation Effects. Phys. Rev. 1965, 140, A1133—A1138.

(3) Martin, R. M. Electronic structure: basic theory and practical
methods; Cambridge university press, 2020.

(4) Singh, D. J.; Nordstrom, L. Planewaves, Pseudopotentials, and the
LAPW method; Springer Science & Business Media, 2006.

(5) Harrison, R. J.; Fann, G. L; Yanai, T.; Gan, Z.; Beylkin, G.
Multiresolution quantum chemistry: Basic theory and initial
applications. J. Chem. Phys. 2004, 121, 11587—11598.

(6) Jensen, S. R; Saha, S.; Flores-Livas, J. A.;; Huhn, W.; Blum, V.;
Goedecker, S.; Frediani, L. The elephant in the room of density
functional theory calculations. J. Phys. Chem. Lett. 2017, 8, 1449—1457.

(7) Blum, V.; Gehrke, R.; Hanke, F.; Havu, P.; Havu, V.; Ren, X,;
Reuter, K.; Scheffler, M. Ab initio molecular simulations with numeric
atom-centered orbitals. Comput. Phys. Commun. 2009, 180, 2175—
2196.

(8) Bursch, M.; Mewes, J.-M.; Hansen, A.; Grimme, S. Best-Practice
DEFT Protocols for Basic Molecular Computational Chemistry. Angew.
Chem., Int. Ed. 2022, 61, €202205735.

(9) Motamarri, P.; Nowak, M. R,; Leiter, K; Knap, J.; Gavini, V.
Higher-order adaptive finite-element methods for Kohn—Sham density
functional theory. J. Comput. Phys. 2013, 253, 308—343.

(10) Kanungo, B.; Gavini, V. Large-scale all-electron density
functional theory calculations using an enriched finite-element basis.
Phys. Rev. B 2017, 95, 035112.

(11) Lee, J.; Feng, X.; Cunha, L. A;; Gonthier, J. F.; Epifanovsky, E.;
Head-Gordon, M. Approaching the basis set limit in Gaussian-orbital-
based periodic calculations with transferability: Performance of pure
density functionals for simple semiconductors. J. Chem. Phys. 2021, 155,
164102.

(12) Singh, D. Ground-state properties of lanthanum: Treatment of
extended-core states. Phys. Rev. B 1991, 43, 6388.

(13) Gulans, A.; Kozhevnikov, A.; Draxl, C. Microhartree precision in
density functional theory calculations. Phys. Rev. B 2018, 97, 161105.

(14) Curtiss, L. A;; Raghavachari, K; Redfern, P. C.; Pople, J. A.
Assessment of Gaussian-2 and density functional theories for the
computation of enthalpies of formation. J. Chem. Phys. 1997, 106,
1063—1079.

(15) Gulans, A.; Kontur, S.; Meisenbichler, C.; Nabok, D.; Pavone, P.;
Rigamonti, S.; Sagmeister, S.; Werner, U.; Draxl, C. Exciting: a full-
potential all-electron package implementing density-functional theory
and many-body perturbation theory. J. Phys.: Cond. Mater. 2014, 26,
363202.

(16) Michalicek, G.; Betzinger, M.; Friedrich, C.; Bliigel, S.
Elimination of the linearization error and improved basis-set
convergence within the FLAPW method. Comput. Phys. Commun.
2013, 184, 2670—2679.

(17) Doumont, J; Tran, F.; Blaha, P. Implementation of self-
consistent MGGA functionals in augmented plane wave based
methods. Phys. Rev. B 2022, 105, 195138.

(18) Focher, P.; Chiarotti, G. L.; Bernasconi, M.; Tosatti, E.;
Parrinello, M. Structural phase transformations via first-principles
simulation. EPL (Europhys. Lett.) 1994, 26, 34S.

(19) Hamann, D.; Schliiter, M.; Chiang, C. Norm-conserving
pseudopotentials. Phys. Rev. Lett. 1979, 43, 1494.

(20) Vanderbilt, D. Soft self-consistent pseudopotentials in a
generalized eigenvalue formalism. Phys. Rev. B 1990, 41, 7892.

(21) Bléchl, P. E. Projector augmented-wave method. Phys. Rev. B
1994, 50, 17953—17979.

https://doi.org/10.1021/acs.jctc.2c01191
J. Chem. Theory Comput. 2023, 19, 1300—1309


https://pubs.acs.org/doi/10.1021/acs.jctc.2c01191?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.2c01191/suppl_file/ct2c01191_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Franc%CC%A7ois+Gygi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2287-6017
https://orcid.org/0000-0002-2287-6017
mailto:fgygi@ucdavis.edu
mailto:fgygi@ucdavis.edu
https://pubs.acs.org/doi/10.1021/acs.jctc.2c01191?ref=pdf
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1063/1.1791051
https://doi.org/10.1063/1.1791051
https://doi.org/10.1021/acs.jpclett.7b00255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b00255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cpc.2009.06.022
https://doi.org/10.1016/j.cpc.2009.06.022
https://doi.org/10.1002/anie.202205735
https://doi.org/10.1002/anie.202205735
https://doi.org/10.1016/j.jcp.2013.06.042
https://doi.org/10.1016/j.jcp.2013.06.042
https://doi.org/10.1103/PhysRevB.95.035112
https://doi.org/10.1103/PhysRevB.95.035112
https://doi.org/10.1063/5.0069177
https://doi.org/10.1063/5.0069177
https://doi.org/10.1063/5.0069177
https://doi.org/10.1103/PhysRevB.43.6388
https://doi.org/10.1103/PhysRevB.43.6388
https://doi.org/10.1103/PhysRevB.97.161105
https://doi.org/10.1103/PhysRevB.97.161105
https://doi.org/10.1063/1.473182
https://doi.org/10.1063/1.473182
https://doi.org/10.1088/0953-8984/26/36/363202
https://doi.org/10.1088/0953-8984/26/36/363202
https://doi.org/10.1088/0953-8984/26/36/363202
https://doi.org/10.1016/j.cpc.2013.07.002
https://doi.org/10.1016/j.cpc.2013.07.002
https://doi.org/10.1103/PhysRevB.105.195138
https://doi.org/10.1103/PhysRevB.105.195138
https://doi.org/10.1103/PhysRevB.105.195138
https://doi.org/10.1209/0295-5075/26/5/005
https://doi.org/10.1209/0295-5075/26/5/005
https://doi.org/10.1103/PhysRevLett.43.1494
https://doi.org/10.1103/PhysRevLett.43.1494
https://doi.org/10.1103/PhysRevB.41.7892
https://doi.org/10.1103/PhysRevB.41.7892
https://doi.org/10.1103/PhysRevB.50.17953
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.2c01191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

(22) Lejaeghere, K.; Bihlmayer, G.; Bjorkman, T.; Blaha, P.; Blugel, S.;
Blum, V,; Caliste, D.; Castelli, I. E.; Clark, S. J,; Dal Corso, A.; de
Gironcoli, S.; Deutsch, T.; Dewhurst, J. K;; Di Marco, I; Draxl, C;
Dutak, M.; Eriksson, O.; Flores-Livas, J. A.; Garrity, K. F.; Genovese, L.;
Giannozzi, P.; Giantomassi, M.; Goedecker, S.; Gonze, X.; Granas, O;
Gross, E. K. U,; Gulans, A,; Gygi, F.; Hamann, D. R; Hasnip, P. J;
Holzwarth, N. A. W.; Iusan, D.; Jochym, D. B.; Jollet, F.; Jones, D.;
Kresse, G.; Koepernik, K.; Kucukbenli, E.; Kvashnin, Y. O.; Locht, I. L.
M.; Lubeck, S.; Marsman, M.; Marzari, N.; Nitzsche, U.; Nordstrom, L.;
Ozaki, T.; Paulatto, L.; Pickard, C. J.; Poelmans, W.; Probert, M. L. J;
Refson, K; Richter, M.; Rignanese, G.-M.; Saha, S.; Scheffler, M.;
Schlipf, M.; Schwarz, K; Sharma, S.; Tavazza, F.; Thunstrom, P.;
Tkatchenko, A.; Torrent, M.; Vanderbilt, D.; van Setten, M. J.; Van
Speybroeck, V.; Wills, J. M,; Yates, J. R;; Zhang, G.-X; Cottenier, S.
Reproducibility in density functional theory calculations of solids.
Science 2016, 351, aad3000.

(23) Gonzalez-Espinoza, C. E.; Ayers, P. W.; Karwowski, J.; Savin, A.
Smooth models for the Coulomb potential. Theor. Chem. Acc. 2016,
135, 1-12.

(24) Gygi, F. Architecture of Qbox: A scalable first-principles
molecular dynamics code. IBM ]. Res. Dev. 2008, 52, 137.

(25) Qbox Home Page. http://qboxcode.org (accessed Aug 9, 2022).

(26) Hackbusch, W. Multi-grid methods and applications; Springer
Science & Business Media, 2013; Vol. 4.

(27) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865—3868.

(28) Sun, J.; Ruzsinszky, A.; Perdew, J. P. Strongly Constrained and
Appropriately Normed Semilocal Density Functional. Phys. Rev. Lett.
2015, 115, 036402.

(29) Kotochigova, S.; Levine, Z. H.; Shitley, E. L.; Stiles, M. D.; Clark,
C. W. Local-density-functional calculations of the energy of atoms.
Phys. Rev. A 1997, 55, 191.

(30) Kotochigova, S.; Levine, Z. H.; Shirley, E. L.; Stiles, M. D.; Clark,
C. W. NIST Standard Reference Database 141; National Institute of
Standards and Technology, 200S.

(31) Vosko, S. H,; Wilk, L.; Nusair, M. Accurate spin-dependent
electron liquid correlation energies for local spin density calculations: a
critical analysis. Can. J. Phys. 1980, 58, 1200—1211.

(32) Chadi, D. J.; Cohen, M. L. Special points in the Brillouin zone.
Phys. Rev. B 1973, 8, 5747.

(33) Haas, P.; Tran, F.; Blaha, P. Calculation of the lattice constant of
solids with semilocal functionals. Phys. Rev. B 2009, 79, 085104

(34) Schlipf, M.; Gygi, F. Optimization algorithm for the generation of
ONCYV pseudopotentials. Comput. Phys. Commun. 2015, 196, 36—44.

(35) Tran, F; Stelzl, J.; Blaha, P. Rungs 1 to 4 of DFT Jacob’s ladder:
Extensive test on the lattice constant, bulk modulus, and cohesive
energy of solids. J. Chem. Phys. 2016, 144, 204120.

(36) Betzinger, M; Friedrich, C.; Bliigel, S. Hybrid functionals within
the all-electron FLAPW method: implementation and applications of
PBEO. Phys. Rev. B 2010, 81, 195117.

(37) Michalicek, G. Private communication. August 2022.

(38) Schlipf, M.; Betzinger, M.; Friedrich, C.; LeZaic, M.; Bliigel, S.
HSE hybrid functional within the FLAPW method and its application
to GdN. Phys. Rev. B 2011, 84, 125142.

/(39) Paier, J.; Marsman, M.; Hummer, K.; Kresse, G.; Gerber, I. C,;
Angyan, J. G. Screened hybrid density functionals applied to solids. J.
Chem. Phys. 2006, 124, 154709.

(40) Dawson, W.; Gygi, F. Equilibration and analysis of first-principles
molecular dynamics simulations of water. J. Chem. Phys. 2018, 148,
124501.

(41) PBE400 dataset. http://quantum-simulation.org (accessed Jul 8,
2022).

(42) Kiihne, T. D.; Iannuzzi, M.; Del Ben, M.; Rybkin, V. V.; Seewald,
P.; Stein, F,; Laino, T.; Khaliullin, R. Z.; Schiitt, O.; Schiffmann, F.;
Golze, D.; Wilhelm, J.; Chulkov, S.; Bani-Hashemian, M. H.; Weber, V;
Borstnik, U.; Taillefumier, M.; Jakobovits, A. S.; Lazzaro, A.; Pabst, H,;
Miiller, T.; Schade, R.; Guidon, M.; Andermatt, S.; Holmberg, N.;
Schenter, G. K;; Hehn, A.; Bussy, A.; Belleflamme, F.; Tabacchi, G.;
Gl68, A.; Lass, M,; Bethune, I; Mundy, C. J.; Plessl, C.; Watkins, M.;

1309

VandeVondele, J.; Krack, M.; Hutter, J. CP2K: An electronic structure
and molecular dynamics software package - Quickstep: Efficient and
accurate electronic structure calculations. J. Chem. Phys. 2020, 152,
194103.

https://doi.org/10.1021/acs.jctc.2c01191
J. Chem. Theory Comput. 2023, 19, 1300—1309


https://doi.org/10.1126/science.aad3000
https://doi.org/10.1007/s00214-016-2007-5
https://doi.org/10.1147/rd.521.0137
https://doi.org/10.1147/rd.521.0137
http://qboxcode.org
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1103/PhysRevA.55.191
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/10.1103/PhysRevB.8.5747
https://doi.org/10.1103/PhysRevB.79.085104
https://doi.org/10.1103/PhysRevB.79.085104
https://doi.org/10.1016/j.cpc.2015.05.011
https://doi.org/10.1016/j.cpc.2015.05.011
https://doi.org/10.1063/1.4948636
https://doi.org/10.1063/1.4948636
https://doi.org/10.1063/1.4948636
https://doi.org/10.1103/PhysRevB.81.195117
https://doi.org/10.1103/PhysRevB.81.195117
https://doi.org/10.1103/PhysRevB.81.195117
https://doi.org/10.1103/PhysRevB.84.125142
https://doi.org/10.1103/PhysRevB.84.125142
https://doi.org/10.1063/1.2187006
https://doi.org/10.1063/1.5018116
https://doi.org/10.1063/1.5018116
http://quantum-simulation.org
https://doi.org/10.1063/5.0007045
https://doi.org/10.1063/5.0007045
https://doi.org/10.1063/5.0007045
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.2c01191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



