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ABSTRACT: We introduce a local density formalism, where the total energy of the
system is obtained as a function of the orbital occupancies {n,,,}. The exchange energy,
EX is written in terms of the electrostatic interaction between a charge n,,, and its hole
(1 — n,,), while the correlation energy is analyzed by means of a Hubbard Hamiltonian
using a dynamic field approximation. Once the exchange correlation energy is obtained
as an explicit function of the {n,,}, our orbital occupancy method is completely defined.
Our approach is then applied to bulk diamond, Si, and zinc-blende GaN, as well as the
benzene molecule. The results obtained show that this approach offers an interesting

alternative to the well-established density functional theory methods based on the

electron density p(7).
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1. Introduction

M any modern approaches to first-principles

calculations of total energy and electronic
structure are based on density functional theory
(DFT), which employs the electronic density as the
fundamental quantity. However, the exact ex-

Correspondence to: J. Ortega; E-mail: jose.ortega@uam.es

International Journal of Quantum Chemistry, Vol 91, 151-156 (2003)

© 2002 Wiley Periodicals, Inc.

change-correlation energy functional is not known
and an appropriate approximation becomes essen-
tial. At the same time, highly correlated electron
systems are often studied by solving model Ham-
iltonians, such as the Anderson, Hubbard, or gen-
eralized Hubbard. The orbital occupancy (OO)
method [1] presented in this article combines the
natural advantages of these two approaches by ex-
pressing the energy and potentials in terms of the
orbital occupancies {n,,,}. These {n,,} are the inher-
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ent variables of generalized Hubbard Hamiltoni-
ans, from which our exchange-correlation energies
are derived.

The OO method thus provides a formalism that
allows us to include in a natural way the many-
body corrections while maintaining the calcula-
tional simplicity on the local density approximation
(LDA) level. This method is based on an alternative
approach to DFT, in which instead of the electronic
density p(7) we use the orbital occupancies {n,,} as
the central quantity:

p(7) = {n,,}. (1)

The usual DFT is based on the Hohenberg-Kohn
theorem [2]. This theorem can be rewritten in terms
of {n,,} (see Ref. [1]), showing that the total energy
is a function of the orbital occupancies, E =
E[{n,,}], and the energy of the ground state is
found at the minimum of the function.

In a similar way as the Kohn-Sham equations in
the p-based DFT, we introduce an effective Hamil-
tonian using

_OE[{n.,}]

Vp,o’ anua : (2)

Thus, the {n,,} can be determined self-consistently
via Hg eigenfunctions |¢,,) (where o means spin)
as

My = 2 Kbuleaol 3)

a=0cc.

because H,y, in turn, depends on the {n,.- The
functions {¢,} are Lowdin orthonormal orbitals,
which are obtained from nonorthogonal atomic-like
orbitals {¢,}, optimized for each system:

b= > (S, (4)

where S, is the overlap matrix (,|iy,).

The Hartree part of the energy is calculated us-
ing a self-consistent Harris-like approach [3, 4], a
method applied with success in many calculations
(see, e.g., [5] and references therein).

In similarity with the standard DFT, it is not
possible in general to find an analytic expression for
the exact exchange correlation energy EX“[{n,,}]. In
Section 2, EX“[{n,,,}] is analyzed using a generalized
Hubbard Hamiltonian and many-body techniques.

This approach facilitates the description of electron-
correlated effects improving on the LDA or gener-
alized gradient approximation (GGA). Moreover,
the OO formalism can be used as a starting point
for the many-body calculations needed to properly
describe strongly correlated systems [6]. In Section
3, we show the performance of this approach, pre-
senting some results for bulk C, Si, and zinc-blende
GaN, as well as the benzene molecule.

2. Exchange Correlation Energy

In this section we will define the exchange cor-
relation energy function EX[{n,,,}] and the effective
potential V*[{n,,,}]. The most important contribu-
tions to exchange and correlation come from the
Coulomb interactions U, and J,,, so we can elicit
the dependence EX“ on {n,,} with the help of a
generalized Hubbard Hamiltonian, written as

HM = Y Eftyy+ 2 T98C0

vo (v,p),00
1 A A A A
+ E 2 ]Vp.nua'np.a" + E uunuinuT/ (5)
v,u#v,0,0" v
where

2/ 1 2(21 = 120
u,=| ¢57) ] ¢ (7" )drdi’,

1
Jou = f dy(7) P 7 & (F)did?". (6)

In the calculation of EX for real systems it is nec-
essary to include terms that do not appear explicitly
in the Hamiltonian (5). We calculate the exchange
energy contributions of these terms in the mean
field approximation. In practice, we have found
that we can neglect all but two-center, nearest-
neighbor interactions (see Ref. [6] for further dis-
cussion). An important example of the terms we
retain is

1
=5 2 Tl (7)

V,UFV,0

where [}, is the exchange interaction given by
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1
i,ﬁf d)y(?)qﬁu(?)md)v(?’)%(?’)d?d?' (8)

and is included in the effective Hamiltonian as Vﬁ(,
= —2, [, This term is necessary to ensure that
the first Hund rule is observed.

2.1. GENERALIZED HUBBARD HAMILTONIAN

The exchange correlation energy of (5) is parti-
tioned as follows:

EXC — ESIC + EX + EC'I. (9)

The first term is the self-interaction correction (SIC):

1
ESIC [ E 2 UMan’nWT — Vilf = —U,ﬂ;m/ (10)
no

which cancels exactly the intra-atomic Hartree con-
tribution; for this reason, it does not appear in (5).
Thus, we can see that the OO method, unlike LDA
and GGA, treats correctly this contribution. The
second term is the exchange energy due to the
Coulomb interaction J. The dependence of EX on
diagonal occupancies can be written as [1]

EX=— % 2 o1 = 1), (11)

This formula can be interpreted as a contribution to
the total energy coming from the interaction of the
charge n,,, with its exchange hole (1 — n,,,) [6]. ], is
well approximated by the mean Coulomb interac-
tion between electrons on nearest-neighbor atoms
JuN. This is exact in the dynamic mean field (DMF)
approximation [8], where all the exchange hole is
localized on nearest-neighbor atoms and no extra-
atomic correlation energy appears.

According to formula (2), the effective potential
associated with EX is

R (] (12)

The last term on the right side of Eq. (9) is the
intra-atomic correlation energy. We consider this
the most important contribution to the electronic
correlation. Intra-atomic correlation effects appear
when part of the exchange correlation hole, which

should integrate to 1 — n,,, is transferred to the
same atom of the wo-orbital. If a fraction, say f,,,
(fuo < 1), of this hole is located in the atom, the
intra-atomic correlation energy should be given by
—(fuo/ U, (1 — n,,), while the exchange
and interatomic correlation energy is reduced to
-1/2Q = £,)0n,,(1 — n,,). Then, both contri-
butions, EX + EY/, yield [6]

1
- E EIEINn/uT(l - n;ur)

nwo

1
=5 2 fuellU) = M1 = ), (13)

where (U,,) is an average of the intra-atomic Cou-
lomb interactions.

The above argument suggests that we can con-
sider intra-atomic correlation effects by studying a
Hubbard Hamiltonian with an effective interaction
in an atomic site i given by U; = (U,,) — J;". This
will be the subject of Section 2.2.

2.2. HUBBARD HAMILTONIAN

The Hubbard Hamiltonian, better known in the
chemistry community as the Pariser—Parr—Pople
Hamiltonian [7], we will use here is

A=Y E .+ > To(e.,+¢ .28
vo

(vu),o

=
2 po' ,vo# po’
(m, vEI)

The correlation energy of this Hamiltonian is ob-
tained as an interpolation between two limits where
it can be properly approximated [6]. They are the
atomic limit U/T — » and the U/T — 0 limit,
where we can apply second-order perturbation the-
ory.

2.2.1. Atomic Limit [/T — =

In this limit we have calculated the correlation
energy using Green functions’ techniques. We will
present here only the final expression; a detailed
derivation can be found in Section III of Ref. [6]:
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1 -
EC,I == E E uin;m'(l - n;ur)

no

1
+5 00N = N)A+N, =), (15)

with N; = 2, n,, and N; = Int[N;]. The first term
in this equation is associated with fluctuations of
charge in each orbital and the second with total
atomic charge fluctuations.

2.2.2. Second-Order Perturbation Theory /T
-0

Here we approximate the correlation energy as

EC’I _ 1 E Uz n/ur(l - n;ur)nvo"(l - nvn”)
2 VU'(/r#Uf;’U' ' W;w;;ur + WV(T’;V(T’
m,vEL
1 nZ cr‘au'nia"‘ !
~ o~ 7 rBO'
-5 > Ul" (16)
2 :;((Trﬁvgilfa ] /W“"”w + WW’;BU’ ’
(uvEi)
(e BEj#i)
where W, ..., is the mean virtual excitation energy

related to the density of states p,,,.,.(®). The first
term represents virtual excitations of two electrons
in the same atom. The second represents excitations
of two electrons in nearest-neighbor atoms, this
term being inversely proportional to the coordina-
tion number. Thus, it must be included for the
study of few-atom systems, and it disappears in the
DMF approximation.

2.2.3. Interpolation Between the Limits

Now we define the correlation energy function
as an interpolation between the above two limits
[6]. In the systems we study, the second term in (15)
is negligible because it becomes important only
near the atomic limit. Therefore, we consider the
following correlation energy function:

B = o Sfin )1 -, (17)

where

X _ E uinvo"(l - nvtr’)
ke vo'#uo W + WVU";VU"
(w,vei)

popo

U
vo' #uo W;,w;our + an";ﬁo" n;,ur 1- nu.o')
Bo',ac# Ba’
(w,vEi)
(a,BEj#i)

2 2
np.o’;mrn vo';Bo’

+

(18)

To assure the correct limits of E</, f must have the
following asymptotic behavior: f(x) — x for x — 0
and f(x) — 1 for x — . The f(x) was fitted to obtain
the correct correlation energy in small clusters. The
exchange correlation energy function and its asso-
ciated potential is now completely defined.

Finally, we stress that, following the same ideas
discussed in this section, a many-body solution can
also be obtained [6]. In this case we use Green
function techniques and introduce diagonal self-
energies X7, (). This implies neglecting off-diago-
nal contributions, as corresponds to the DMF ap-
proximation [8]. As in the case of the intra-atomic
correlation energy, the calculation of the self-energy
is based on an interpolative approach between the
high and low correlation limits. It can be shown [6]
that the effective one-particle solution of the many-
body problem is given by the OO approach pre-
sented above. The knowledge of the correlation
potential in our method allows us to avoid the
double-counting problem occurring in the many-
body calculations, which start from the standard
DEFT solutions.

3. Results

In this section we present results obtained with
the OO method described above. For the sake of
brevity we do not include results of many-body
calculations, which will be published elsewhere. To
test the OO method we calculated structural param-
eters and band structures of diamond and silicon
with a minimal basis set consisting of Fireball or-
bitals [3]. In the calculation of the correlation energy
we take into account the relaxation of the orbitals
due to local charge fluctuations. The accuracy of the
structural parameters obtained with OO is compa-
rable to typical LDA results with the same minimal
basis: lattice parameters for Si are 5.437 (OO) and
5.425 (LDA) compared to experimental 5.429 A,
while for C they are 3.61 (OO) and 3.62 (LDA)
compared to 3.567 A. The calculated electronic
band gaps seem to present a correction to the “band
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gap problem” [9] of the LDA and GGA. For dia-
mond the OO band gap at I' is EOO = 6.5 eV as
compared to the experimental Values EXY =73eV
and to LDA’s ELDA = 5.6 eV [10]. For silicon the
results for the 1nd1rect gap were: EOO =16eV, EP
=12eV,and E;°* (I’ — X gap) = 0 6eV.Inthe next
subsections we present out results for zinc-blend
GaN and the benzene molecule.

3.1. SELF-INTERACTION CORRECTIONS IN
THE Ga-3d BANDS OF GaN

LDA or GGA plane-wave calculations for GaN
show the need to include the core Ga-3d states ex-
plicitly in the calculations to obtain the lattice pa-
rameter correctly. When this is done, the Ga-3d
bands appear as overlapping the N-2s bands, in
contradiction with the experimental evidence,
which shows the Ga-3d states well below the N-2s
bands. This discrepancy is due to the localized char-
acter of the Ga-3d states. The imperfect cancellation
of Hartree contributions by the XC terms in the
standard LDA or GGA functionals pushes up the
electronic levels, and the proper description of
these levels requires the use of self-interaction cor-
rections [11]. Our method provides a good descrip-
tion of the structural properties of GaN (compara-
ble to that of the standard functionals with the same
basis) and corrects the problem in the description of
the localized states. In the band structure shown in
Figure 1, the Ga-3d states appear several electron
volts below the N-2s bands, in good agreement with

Energy (eV)

5t ]
L r X K r

FIGURE 1. Band structure for GaN calculated within
the OO approach. This method includes self-interaction
corrections, which provide a good description of the
Ga-3d bands.
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FIGURE 2. OO one-particle spectrum for the molecu-
lar orbitals of benzene. The calculated HOMO-LUMO
gap is 6.5 eV.

the experiment. Notice that in the OO-method a
self-interaction correction term appears naturally
[see Eq. (10)].

3.2. BENZENE MOLECULE

The OO method has been used to calculate the
electronic properties of the benzene molecule. A
double-zeta minimal basis set from Clementi and
Roetti [12] was variationally optimized for benzene.
The bond lengths at the equilibrium geometry are
in reasonable agreement with experiment (OO: CC,
1.47 A; CH, 1.15 A; Exp. [13]: CC, 1.40 A; CH, 1.10
A). In our calculations we included intra-atomic
exchange and found a significant contribution of
the second term of Eq. (16) to the correlation en-
ergy.

For the binding (E®) we obtain: E° = —45.6 eV to
be compared with EEXP = —59.7 eV [14]. From Har-
tree-Fock calculations [14] we find that this differ-
ence comes from the minimal basis used in the
calculation, 9.0 eV, and from an underestimation of
the many-body energy, 5.1 eV. This error should be
compared with the total many-body energy of the
molecule that we find around 310 eV. Figure 2
shows the single-particle spectrum corresponding
to the molecular orbitals of the effective one-parti-
cle Hamiltonian. The HOMO and LUMO are dou-
bly degenerate II states, and our calculated HO-
MO-LUMO gap is 6.5 eV, compared to the mean
experimental excitation energy ¢;, — ¢,, of 6.2 eV
[15]. This is a satisfactory result considering that
this is a neutral excitation.” These results for ben-

*More details about our calculated energy gaps and the
experimental optical gaps will be published elsewhere.
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zene illustrate the accuracy of our method and the
quality of our many-body treatment for molecules.

4. Summary

In this article we have presented a DFT-like ap-
proach based on the orbital occupancies {n,,} [in-
stead of the electron density p(7)] [6]. The exchange
correlation energy EX< has been determined as a
function of {n,,} with the help of a generalized
Hubbard Hamiltonian that contains the most im-
portant contributions to the electron—electron en-
ergy. The intra-atomic correlation energy is obtained
as an interpolation between the corresponding high
and low correlation limits. We have pointed out
that, within the same approximations, a many-body
solution can also be obtained, replacing the corre-
lation potential by the corresponding self-energy.
We also presented some calculations for molecules
and crystals using a minimal basis set and neglect-
ing all but the two-center nearest-neighbors ex-
change integrals, although these approximations
are not essential to the OO method and can be
dropped in a more accurate calculation. The numer-
ical results presented in Section 3 show that this
approach offers an interesting alternative to the
well-established DFT methods based on the elec-
tron density p(7), especially for systems that present
significant electron correlation effects.
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