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The density functional based tight-binding (DFTB) method can benefit substantially from a number of
developments in density functional theory (DFT) while also providing a simple analytical proving ground for
new extensions. This contribution begins by demonstrating the variational nature of charge-self-consistent
DFTB (SCC-DFTB), proving the presence of a defined ground-state in this class of methods. Because the
ground state of the SCC-DFTB method itself can be qualitatively incorrect for some systems, suitable forms
of the recent LDAFU functionals for SCC-DFTB are also presented. This leads to both a new semilocal
self-interaction correction scheme and a new physical argument for the choice of parameters in thd LDA
method. The locality of these corrections can only partly repair the HOMIMO gap and chemical potential
discontinuity, hence a novel method for introducing this further physics into the method is also presented,
leading to exact derivative discontinuities in this theory at low computational cost. The prototypical system
NiO is used as an illustration for these developments.

I. Introduction much of the local part of self-interaction, as well as presenting
L . o ) ~anew physical recipe for the choice of constants in the HDA

As is discussed in several of the contributions to this special jethod. The equivalence between a form of the pseudo-self-
issue, the DFTB method is intended to give a good approxima- jhteraction correctiot:13method and LDA-U is also demon-
tion to the results of density-functional theory (DFT). Examples girated for the first time.
of its application to the solid state® and molecular systerfis As discussed recenf§22 some care has to be taken when
demonstrate the versatility of the method both in its original e seif.interaction issue is considered, as it can manifest in
and in self-consistent charge (SCC-DFTBrms, with other g\ /0ra) ways. As discussed in section IV, even after the localized
contributions in this special volume presenting details of many gi5tas in NiO in SCC-DETB are corrected. an error of around
of the recent applications and extensions to these methodsy ¢ of the experimental band gap still has to be accounted for
However, there are several regions of the periodic table that,, jnciyding the derivative discontinuity. A simple method to
require particular care when investigating with a DFT-related o de this contribution both to the band structure and to its

approach (the d and f blocks being prime examples) at least ingftects on the energy for fractionally charged systems is then
part from the spurious self-interaction present in many density presented.

functionals. Apparently innocuous systems such as negatively

charged ions or open systems i_n contact with eIectron_ reservqirs”_ Presence of a Ground State in SCC-DFTB

also present challenges, again related to the self-interaction

problems of DFT. Foulkes and Haydoék considered the connection between
This paper is organized as follows. In section Il a short proof tight-binding and Kohr-Sham DFT. If in a DFT Vin makes

is given that tight-binding computational schemes such as SCC-Nout the ground-state charge density, then as given in eq 25a of

DFTB, where terms quadratic in the charge fluctuations are ref 15:

included in the energy, can actually possess a ground state as

long as the on-site coupling terms are of greater of equal T oer 1 O%F

magnitude to the off site contributions. This is explicitly e[l ™ = Elngud _Effﬁ

demonstrated for the softened Coulombic interaction of the

Klopman—-0Ohno-Mataga-Nishimotd~1 model, but also holds

for the more elaborate softened Coulombic interaction currently Wherg, as explained in detail in the reference,_ the energy
used in SCC-DFTB. functionals e[nn] " and E[ny,dPFT depend on the input and

output densities of the self-consistent process, respectively. The
charge fluctuationsjn, are given as the difference between the
output and input densitie®n = noyt — Ny and abrieviated as

onon Q)

in

Having established that SCC-DFTB actually possesses a
ground state, in section Ill, we present a new extension of the
SCC-DFTB method to at least qualitatively treat strongly

correlated systems. This leads to a new method for removing in ref 15:
T Part of the “DFTB Special Section”. f f (SZ—F onon= f f 62—F, on(r) on(r')
* University of Strathclyde. on? N, on(r)on(r’)In,,
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Foulkes and Haydock concluded that empirical tight-binding is LDA) will suffice, a Hartree-Fock-like interaction better

a stationary input-only DFT. Non-SCC-DFBhas the same  describes the local interactions. This is of the form (L/2)nn;,
stationary behavior agn;,]™8, but what about self-consistent where n; are the occupancies of the localized shells. If we
charge DFTB®From the DFTB choice of expansion reference assume that the Coulomb energy of the electieiectron
charge distributionnaemic Which becomes the input charge interaction as a function of the total number of electrbhs
distribution in the final calculation, then n; is well represented by LDA (even if it gives wrong single-
particle energies), then LDA already contains part of this energy.
This must be subtracted from the total energy and instead
replaced with a Hubbard-model-like term. As a result we get
the functionad®24

atoms/orbitals

Bl T =T AT, )
al

with the intention thaty is a discretized approximation for

1 ]
S E=Epp — EUN(N -1+ 5 zninj 7
AN e @)
ON e Strictly speaking, the process of subtracting the double-counting
: S ; of the electror-electron interaction of strongly correlated
with a point-like model for the charge fluctuations electrons from the LDA total energy and substgi]tzting it with a
AR =1, — M (5) Hubbard Hamiltonian-like term is not without ambiguity.

One prescription for an LDAU can be constructed by
considering uniform occupation of the correlated states, around
a mean-field limit (AMF)?® For strongly correlated systems
(or in the presence of a crystal/ligand field) the limit of uniform
occupancy is not correct. This has led to the suggestion of
another correction in the fully localized limit (FLI2f:>* AMF
and FLL correct the mean field double-counting if the local
occupation numbers are respectively all equal or alternatively

instead of the field used in eq 1. In this expressis either

an atom or a uniqué-shell index depending on whether the
model is atom or atom-shell resolved (both forms of DFTB
being in use for different applications). By comparison with
eq 1 this expression will also be bounded in energy from below
(though not necessarily by the DFT ground state) if the condition
AQayapAGh < AGa%aa + AQv?ybp is met. This holds as long as )
y(?)ydecc;ys mccl)n)c/)tonicaﬂy K/vith increasing and j/ab(r:g) only 0 or 1. Most of the modern LDAU calculations rely on

< va(r=0) + yu(r=0). The (somewhat complex) current On€ of these two functionals, although in real materials the
functional form ofy.8 by construction, decays as a function of occupation numbers should lie between these two limits. Hence

separation and also obeys the inequality for positive Hubbard N€ither AMF nor FLL is strictly speaking correct for real
U values. Similarly, the KlopmanOhno-Mataga-Nishimotd11 systems; one should therefore use an interpolation between the
type of softened Coulombic interaction, of the general form  tWwo limits.*® However, AMF and FLL will bracket the correct

limit.
1 After the initial submission of this manuscript, a third form

Valr) = 5 C ©) of LDA+U was proposeé€ this is functionally similar to the
\/rab + o pseudo-SIC correction discussed in section 3.2, though derived
(Yaa™ Voo in a different manner.

A. LDA +U-Like Approach in SCC-DFTB. Although it has
previously been suggested that Bmpirical tight-binding the
effects of on-site correlation can be mimicked by an empirical
adjustment of symmetry resolved on-site energietis is
problematic for example for low symmetry d electron systems,
or for f manifolds. In these cases, a different correction would
apply, in principle, to eachandm quantum numbered atomic
state, breaking the rotational symmetry of the method. Similar
DFTB) fail, alternatively hybrid functionals either using a problems in maintaining rotational invariance occur on incor-
contribution from raw HartreeFock® or including long-range poration of self-interaction corrected or hybrid functionals into
screening have been applied. These methods are relativelythe parametrization for the non-self-consistent tight-binding
expensive, but there are cheaper approximations to them.Hamiltonian.

also is bounded, as it decays monotonically witland atr =
0 also meets the requirement of the inequality as long as
= 1, asya(r = 0) = (Yaa T ybv)/C.

Ill. Semilocal Orbitally Dependent Functionals

Full self-interactio&’ correction or GW® methods can give
a good description of some systems for which LDA/GGA(/SCC-

LDA+U?2 adds contributions from the Hubbard model to mean-
field functional (this is a form of G\A?). Alternatively, Pseudo-
SIC removes the local part of self-interaction using projected

The rotationally invariant form of LDA-U25 bypasses these
problems, with a correction to the LDA potential is of the form

AV o = —(U, = 3)(n], — DCInY, )

atomic state$? Many of these method have recently been (8)
compared for the volume driven magnetic phase transition of . ) ) R )
MnO.2! but we are not aware of a systematic comparison of Wher_e n° is _the local spin oc_cupatlon matrix within a given
these methods for other correlated oxides, such as NiO. Severaftomic manifold, andy, — J) is the screened and spherically
of these methods, in particular the hybrid functionals, while averaged electrorelectron interaction. D@ is the double-
agreeing well with experiment, usually ignore the contribution counting term, and the two limiting cases FLL and AMF are

to the band gap from the derivative discontindfy. oo mL 1
We now briefly describe the LDAU and pseudo-SIC DCIN =30, )
methods to set the context for their implementation within the
semiempirical framework of SCC-DFTB. As discussed by AVE Tr(n,,)
Anisimov et al. it is natural to separate electrons into localized DC,[n™" = o+ 1% (10)

d or f electrons and delocalized s and p electrons. Although for
the latter an orbitally independent one-electron potential (as in wherel is the angular quantum number.
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(Ui — J) is usually taken to be either an adjustable parameter

or the result of a constrained DFT calculati®riwe instead
present a new prescription for choosibgand J from atomic
calculations on the basis of a comparison between #D/fand

a new form of the pseudo-SIC method. Because the SCC-DFTB
energy aims to be a reasonable approximation to the LDA

energy, it seems sensible to adopt the form of the HRA
energy correction unchanged for SCC-DFTB.

J. Phys. Chem. A, Vol. 111, No. 26, 2005673

xc&Hartree[n’m] - Vgc&Hartres[n'm] -
o Z p|a V:(:&Hartret{nzlam:l] (14)
T

= \/;C&Hartree[mm] - avgc&Hanree[ n=l1m=1]6/wn;v (15)

This is not invariant to unitary transforms; however, this was
rectified for the original LDA-U formulatior#? by including

There is then the issue of how to choose the on-site off-diagonal elements for each atom block.

occupation matri® for a nonorthogonal basis. We present
results for both the on-sité and the dual basi forms of
LDA+U. In the on-site case the modification to the total energy
and the SCC-DFTB Hamiltonian can be written in as functions
of atomic sub-blocks of the single-particle density matgi, (

V:c&Hartree{n’m] - \/Zc&Hartree[n'm] -
NVcgharred "= 1,M=1]07, (16)

Due to the similarity in the functional of the potential to

whereas for the dual basis case, the occupation matrix takes; ha 4 we can write an energy expression (whiskhiirectly

the form of a generalization to the Mulliken charges:

1
nZeA,veA = 5 Z Z (Syrpw + p,ursw) (11)
7€

connected to the potential) as

AEpSIC = Z Z V;]c&Hartree[n:l'm:]'] ngv ngﬂ
a fea

17)

uelvel

where the diagonal of the occupation matrix is then basis- This is then written as a type of non-double-counted LBA

function-resolved Mulliken charges.

There is a third alternative, the “full” form of the popula-
tions?2° which has some similarity to the projectors described
for correcting for derivative discontinuities in section V.
However, all of the occupation matrices presented for HRRA
are atomic shell block-diagonal, unlike the full density matrix
used in section IV.

B. Pseudo-SIC. Full self-interaction corrected LDA is

(i.e., DCJn] is absent from eq 8), without ambiguity in the choice
of (U — J) because the pre-factor comes from the exchange
correlation potential. Additionally, atomic forces can be de-
rived 2°

This has some similarity to the ASIC form of Pemmaraju et
al.;®* however, they use the “full” form of the projecté?sand
do not provide a variationally connected energy. This functional
form has also been independently developed by28@othis
approach the electronic relaxation can be included in the

relatively expensive; hence several cheaper approximations ha"%djustable U value instead of by use of a scaling parameter.

appeared. The pseudo-SIC (pSIC) sch&nend its recent
refinement¥33! project Kohn-Sham states onto a localized

C. Exchange-Correlation and the Atomic Parameters.
We now discuss an explicit relation between the LB

(often confined) atomic basis. Because the majority of the self- ~onstants and the on-site LSDA potential. Equation 44 of
interaction error is local in character this hopefully captures the anisimov et al2° relates the atomi€® Slater integral and the

majority of the error. In the later variants of the method, local
orbital occupation numbers for that projected bagis,are
constructed for each state (i.p.= 1 for the original methaot).
The exchangecorrelation and Hartree potentials are then
modified by subtracting off the local self-interaction in this basis:

V:c&Hartree[n’m] - Vgc&HartreJn!m] -
Zpig VicerarredN=1,m=1] (12)
T

whereVicgnarree IS calculated for a fully occupiedh(= 1) and
spin-polarized iy = 1) state. Additionally, the potential can be
scaled, as discussed in some detail in ref 13,

VZC&Hartree[n'm] - V:c&Hartree{n!m] -
a z P VicerarredN=1,m=1] (13)
I

for example, to account for electronic relaxation on electron
removal (« = 1/, in the work of Filippetti and Spaldin; however,
this is incorrect for a system with a single elecf)nAs yet,

exchange), to the LDA exchangecorrelation potential for an
atomic state as
Vin=FN-2F-)-IN,  (18)
Thus for the orbital occupation choices for whithspa is
calculated in pSIC for LDAY_ spa[n=1m=1], i.e., N=N, =

1) the spherically symmetric part of the exchangerrelation
potential is

F°—J

Vi spalP=1m=1] = (19)
In DFTB, we useU in the SCC-DFTB correctidhand this is
related to the screendef Slater integral b3?

U= FO _ Vvscreening

Similarly, the diagonal part of the atomic spin coupling matrix,
W, used in spin-polarized SCC-DFT8js equivalent to—J,/2
(from considering the energy of two parallel spins within the
same shell). If we assume in the zeroth limit that screening in

(20)

no energy expression related by variational principle to the the isolated atom, for whiclJ is calculated in this work, is

potential is availablé?31 hence no expression for interatomic
forces has been derived.

Interestingly, summing over the occupied states in the

projected basis gives the on-diagonal parts of an occupation

matrix

small W ~ 0) then for the basis that is used to expand the
local states in pSIC

(U _ J);altomic
2

LSDA

V, [n=1m=1], ~ (22)
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(Because in DFTB, U is calculated numerically from atomic
calculations, we actually include this screening contribution.)

In this approximation, pSIC then gives a contribution to the
potential of

Uu-—J atomic
It

| %

sic _
AV = >

(22)

By comparison with relaxation-corrected pSI&€ € /) for a

Hourahine et al.

atoms (U —

- Z ga T Z ”z,, (6nZ‘V )V,uelz (30)

The present results for NiO were obtained using the’dbalsis
form for the orbital occupation matrix, as given in eq 11. As
discussed abovey. is the scaling introduced in the work of
Filippetti and Spaldii3

D. NiO. To illustrate the discussion of LDAU and pSIC

J)ialtomic

AEAMF —

system with a Hubbard gap, the same potential would be appliedwithin SCC-DFTB, we now present results for the antiferro-

to the lower Hubbard band by a FLL-LDU contribution of

2
2
Because the fully occupied states in the local manifold experi-

ence a net potential shift of (U — J)*°™94,
This suggests that LDAU and relaxation-corrected pSIC

(U _ J)atomic

| o

2

AVt = (23)

magnetic Il phase of NiO. The present calculations were
performed with the experimental lattice constant for a four-
atom FCC unit cell, using a $2Monkhorst-Pack’ k-point
sampling grid. TheJ and W values used in the present work
are taken from appendix C of ref 38 and are reproduced in
Table 1.

LDA finds this material to be a metal, and LSDA finds a
narrow gap antiferromagnet while severely underestimating the

have the same effect on the occupied band structure, and thafmagnetic moment for each Ni atom. This material is a

U—J= (U - J)™M92 is a sensible first choice for the
parameters in LDA-U. This agrees with the (empirical) choice
of ~0.5U — J)™° being suitable for many LDAU ap-
plications!®20 Because there are different potentials for un-
occupied states in pSIC and FHLDA +U these methods give
different gaps’! and different total energy corrections.

All of the above corrections share the feature that they are
semilocal (decaying on the length scale of the overlap matrix

prototypical application for LDA-U.2°

The density of states around the Fermi level for the three
LDA +U-like methods implemented in SCC-DFTB (FLL, AMF,
and pSIC) with a dual basis occupation matrix are shown in
Figure 1. In the case of the two DFH#RJ methods only the
Ni3d shell is corrected, whereas all states are treated with pSIC.
The U andJ parameters are obtained from the atomic values
used in spin-resolved SCC-DFTB. The strength of the correction

in the dual basis form); hence they cannot fully address effects IS Scaled by, between the spin-SCC-DFTB only limit at=

such as the derivative discontinuity in KohBham theory435

To correct for this effect requires removing the restriction that

only on-site blocks of the occupation matrix must be considered.
1. Explicit DFTB ExpressionsFor clarity, the explicit

additions used to apply the LD and pseudo-SIC corrections

to spin-resolved SCC-DFTB are now given. The spin-DFTB

0 and the full relaxation uncorrected caserat 1. As discussed
above, we suggest= 0.5 as a default first choice in accordance
with the suggestion of Filippetti and SpaldihThe spin only
magnetic moment and band gap are shown in Figure 2.

For all three corrections, fax = 0.2 a gap opens up between
the by Ni%¢ states at the valence band maximum and the O

energy expressions themselves are given for example in ref 36.conduction-band minimum. The unoccupied oxygen-p states
The potential contributions in the three cases can be written as’®main unchanged on increasing the magnitude of the correc-

1

(FLL)  AV), = —a(U - J)f‘“’m“:(ngv - Eéw) (24)
(U _ J)latomic

(pSIC) AV, = o i (25)

(AMF)  AV], = —a(U — )i°™%n], (26)
where

3,
on’, =n’ — —— 27
uv uv 2| +1 uv ( )

« andv are within the samé shell of an atom. In the pSIC

tions, but the Ni-d states drop in energy. For the FLL correction,
there is a band gap collapseat~ 1, when the Ni-d collide
with states arounds — 5 eV, which also causes a loss of
magnetism for the Ni (Figure 2). As shown in Table 2, with

= 0.5, the magnetic moment of the two LBAJ methods is
similar to experimental values, but slightly underestimates the
value (there is also an additional contribution from orbital
magnetisr®® which is neglected here). The pSIC results give a
somewhat smaller magnetic moment. Both trends match what
is observed with LSDA-U63° and self-interaction corrected
LSDA.#% The obtained band gapEg) are approximatetly half

of the experimental values, with the pSIC case being further
reduced. This again matches the behavior of their DFT
counterparts. As discussed in section IV there is also a
substantial contribution from including effects of derivative
discontinuitiesEg + A is in much closer agreement with the
experiment gap (this procedure should in fact overestimate

case, this correction is applied to all shells of all atoms, whereasoptical gaps, due to the absence of excitonic contributions).

for LDA+U, only the d/f states are corrected.
The additions to the total energy are

atoms (U — J)atomic
AEFL = — Z Z T z Z ((nZV)Z — nZV)W,{d
a laa o w (28)
atoms (U _ J)atomic
AEPSC= _¢ z Z T z Z (I"IZV )1//4€|2 (29)
T (&= o uv

IV. Derivative Discontinuities and Gaps

At low temperatures, typical density functionals have a
guadratic energy dependency as a function of total charge in
open systems (this can also apply for the localized HRA
type corrections discussed in section IIl). The universal density
functional, however, can show sections of straight line segments
between integer numbers of partidewith an associated jump
in the chemical potential at integer fillings. This behavior of
approximate functionals is due to the failure of cancellation of
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TABLE 1: Reproduction of the Atomic U and W Values
(au) Taken from Ref 38

U S p d W d p S
O 0.397 0.364 — p —0.027

s —0.028 —0.032
Ni 0.256 0.227 0487 d -0.017

p —0.001 -0.010

s —0.003 —0.009 —0.009

the self-interactions of the Coulombic and exchange correlation

contributions to the energy (For neutral systems, however, this

at least allows for the possibility of a derivative discontinuity).
This then has implication for the single-particle gap in Kehn
Sham-like theorie*3> Additionally, this has recently been
shown to impact on transport properties calculated with DFT
and related techniqués.

For the original non-self-consistent DFTB, because the band
structure is independent of the number of particles, then
automatically the energy shows such discontinuities on filling

Around Mean Field

T T T T T T T,
00 e —
0.2 IMMN NN MM
MM NN M AN
04 PN
3 :
o6— A\ AN A v
————— el N Al
08— AN M N\ M|
AM__ NS\ SN N AN
YN,V W AWV A\ M
1 1 1 1 1 1 1
-14 -12 -10 -8 -6 -4 -2 Ef 2
eV .
Fully Localized Limit
T T T T T T
0.0 MM\ /\/‘/\\_/\1\/\_
0.2 NNAMMM_ M
3
s — MM A m A o]
1 1 1 1 1 1 1
-14 -12 -10 -8 -6 -4 -2 Ef 2
eV
Pseudo-SIC
T T T T T T T
00 A —
0.9 WWWW\_
AMAMOMMM MM
0.4 :
3
0.6
0.8
ol Ao MO A
1 1 1 1 1 1 1

-14 -12 -10 -6

eV
Figure 1. Density of states around the Fermi level for NiO in the

AMF-II configuration using the three on-site corrections discussed in
section Il
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nondegenerate levels. Similarly, the chemical potential jumps
at even filling. SCC-DFT, as with the usual DFT functionals,
does not show such behavior due to the self-interaction of the
long-range Hartree-like contributions.

For a nondegenerate system with integer total number of
particles N), at low temperatures the reduced single-particle
density matrix of the system is idempotent (i.e., it has eigen-
values,n; € {0, 1} , and hence the density matrix equals its
own square, because for all occupation numimers n;?). For
a nonorthogonal basis this requires that

p—pSp=0 (31)
where the matrix product usgs the reduced single-particle
density matrix, and the overlap matrix of the basis in which
it is represented. For a noninteger number of partidke&@nd
also for degenerate systems in an ensemble average state), some
states of the system must instead have fractional single-particle
occupation numbers, 8 n; < 1, then the condition expressed
in eq 31 is violated (but only for the subspace of the single-
particle density matrix including such states). This relation then
gives a method of projecting out a function of such fractionally
occupied states. Hence, because the error in the approximate
functional on going between a nondegenehfgarticle system
and anN + 1 system is normally quadratic in occupation of
these fractionally occupied states, this gives a method to correct
the energy to give the desired discontinuity.

One side issue is that of the spin degrees of freedom. If a
spin-unpolarized approach is used, the idempotency condition
will only be met for occupations equivalent to an even number
of particles, hence any correction built on this approach would
introduce the derivative discontinuity at even fillings (instead
of all integers). Hence, as an alternative to constructing a
projector using eq 31, these corrections can be written directly
in terms of occupation number in a diagonal representation.

Because the approximate density functionals are usually
considered to give a good estimate of the energy at integer
particle numbers, a correction that leaves the energy of such
systems unchanged is desirable. Choosing an energy contribution
of the form

c(N")

Tr(S (07 — p°+Sp7%) (32)

for which there is no energy contribution for idempotent
matrices, withc( /") given by

PE(V)
al 2

c( V)= (33)

For a purely quadratic error in the functione(,1”) = c(N). In
the case of systems with a HOMQUMO gap, there is a
discontinuity present even in approximate functionals; hence a
distinction should be made between derivatives going toward
greater or fewer particle numbers.

The associated contribution to the potential is then

AVE, = c(_ﬂ(g ~s po'S) (34)

which is linear in occupation number and has the form of a

scissor operator between the occupied and un-occupied orbitals.
For c(17), in the present examples this is evaluated numeri-

cally; however, it is possible to obtain this analytically, either
from the second derivative of the energy as with eq 33, oras a
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Magnetic Moment
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Figure 2. Band gap and spin contribution to the Ni magnetic moment in AMF-II NiO for the three on-site corrections discussed in section IIl.
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TABLE 2: Spin Contribution to the Magnetic Moment per of the system, as would be required for example in a correct

Ni Atom (ug) and Band Gap (eV) for the Antiferromagnetic simulation of Coulomb blockade.

Spin Configuration of NiO® This correction has also been applied on-top of the local

Us Eq B+ A correlation corrections for NiO; see Table 2. This substantially

SCC-DFTB 0 0.0 improves the agreement with the observed optical gap (the
spin-SCC-DFTB 0.31 0.0 correction accounts for nearly half of the band gap in this case).
AMF 1.58 2.54 5.37
pSIC 1.22 1.28 3.81
LSDA-SICP 1.156 ~2.86 This work discusses the connection between SCC-DFTB and
EgE\/(\;UC ig% 3-13 the results of Foulkes and Haydock on the properties of tight-
expt 164-1.90 45-43 binding. Having demonstrated that SCC-DFTB has a well-

defined ground state (bounded from below in energy), we
#Results the SCC-DFTB, spin-resolved SCC-DFTB, and spin- discussed the issue of adding extra contributions to the DFTB

resolved SCC-DFTB with the AMF, FLL, or pSIC contributions are expressions to produce ground states closer to the correct

presented. The orbitally dependent contributionsase 0.5 scaling, chemistry and physics of the system. For localized states, the

as discussed in the text. The results of SCC-DRT8rbitally dependent . - :
contributions additionally include a correction for the derivative CONNection between LDAU and pseudo-self-interaction cor-

discontinuity €, + A). ® DFT results are taken from Kinleritzschet rections is presented, giving a new prescription for a parameter
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