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Abstract A method for improving the electronic spectrum
of standard Density-Functional Theory (DFT) calculations
(i.e., LDA or GGA approximations) is presented, and its ap-
plication is discussed for the case of the copper phthalocya-
nine (CuPc) molecule. The method is based on a treatment
of exchange and correlation in a many-body Hamiltonian,
and it leads to easy-to-evaluate corrections to the DFT eigen-
values. Self-interaction is largely corrected, so that the mod-
ified energy levels do not suffer from spurious crossings, as
often encountered for CuPc in DFT, and they remedy the
standard underestimation of the gap. As a specific example
we study the sequence and position of the CuPc molecu-
lar orbitals, which are wrongly calculated by standard DFT,
and show that they are correctly reproduced after our correc-
tions are included. The suggested method is fast and simple
and, while not as accurate as hybrid or semiempirical func-
tionals for molecular levels, it can be easily applied to any
local-orbital DFT approach, improving on several important
limitations of standard DFT methods.
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1 Introduction

In the last two decades, the field of organic semiconductors
has experienced an enormous growth due to the potential use
of these materials in technological applications such as or-
ganic light-emitting diodes (OLEDs) [1], organic field-effect
transistors (OFETSs) [2] or organic photovoltaic cells [3].
The performance of these devices often depends strongly
on the electronic properties of the interfaces of these or-
ganic semiconductors with other materials, such as organic
or inorganic semiconductor layers or metal electrodes. Con-
sequently, the structural and electronic properties of such
systems have been investigated using several experimental
techniques [4, 5], while theoretical calculations provide im-
portant information on the basic mechanisms that determine
the electronic structure of these systems, as well as aiding
the interpretation of experimental results [6-9].

Amongst these organic materials, metal phthalocyanines
have been studied because of their chemical stability and
favorable film growth and electronic properties. Copper
phthalocyanine (CuPc) is one such metal phthalocyanine
which has been studied rather extensively [10-16]. The
CuPc molecule is planar and has fourfold symmetry, and
consists of a central copper atom surrounded by four ligands
which have pyrrole and benzene rings (see Fig. 1(a)). The-
oretical calculations on CuPc based on Density-Functional
Theory (DFT) have been carried out to investigate band
alignment and interface properties [14—17], but their inter-
pretation (such as the magnitude of the gap or the position of
molecular levels) has not been straightforward due to intri-
cacies in the DFT approach; in some cases these are related
to the different ‘flavors’ that can be used in the calculation,
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while others are intrinsic limitations of DFT. In particular,
contradictory results have been obtained as to the sequence
and position of occupied states near the gap (e.g., states
of m or o symmetry are interchanged). Moreover, while
the description of the interface (with both metal and mole-
cule) certainly does not make matters simpler, these prob-
lems are already present when studying the isolated CuPc
molecule, and have been shown [18] to be related to self-
interaction errors and the description of exchange and cor-
relation in DFT. The local-density (LDA) or generalized-
gradient (GGA) approximations (which we refer to here-
after as ‘standard’ DFT) do not properly correct for self-
interaction and yield a distorted ordering of molecular or-
bitals, while functionals containing exact (Fock) exchange
perform significantly better. The semiempirical functional
B3LYP [19] (containing a fraction of exact exchange which
is fitted to a set of molecular properties) is the usual choice
for calculating isolated organic molecules, but it is probably
not a good choice for metal/organic interfaces since it fails
for metals [20]. While several hybrid functionals have been
proposed (see the discussion in [21]), they generally have
the disadvantage of a higher computational cost.

In this paper, therefore, we calculate the electronic struc-
ture of the CuPc molecule using standard DFT and present
a method to correct the DFT level positions in a simple way.
While this method has been previously described within the
Orbital-Occupancy approach [22] and used to calculate the
position of the Charge Neutrality Level of organic semicon-
ductors (see, for example, [23-25]), here it is reformulated
for standard DFT methods, with the aim of describing how
the corrections could be implemented in any DFT code. Ad-
ditionally, the origin of these corrections and their relation
to self-interaction errors are discussed in detail and a care-
ful analysis of the sequence of molecular orbitals in CuPc
(which is not given correctly by standard DFT) is then per-
formed.

The paper is organized as follows: Sect. 2 discusses the
corrections to the molecular level positions, while their ap-
plication to the CuPc spectrum is presented in Sect. 3; in
the final section we give a summary and describe how our
approach can be generalized to metal/organic interfaces.

2 Corrections to molecular levels

We recall the fact that DFT eigenvalues are not a proper
representation of quasiparticle excitation energies: in con-
jugated organic molecules, the difference between the DFT
HOMO and LUMO eigenvalues is significantly smaller that
the transport gap measured experimentally [10, 11, 13]. This
discrepancy largely arises from the fact that the DFT gap
refers to the N-electron calculation, while the transport gap
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E! is the difference between the ionization (I) and affinity
(A) levels: E' =1 — A, where

I =E[N]— E[N —1];
A=E[N +1] - E[N],

ey

and E[N;] is the energy of the system with N; electrons.

In this paper, we propose a simple scheme to calculate
the electronic spectrum of a molecular solid by approximat-
ing its total energy in a charged configuration; we do so by
considering the corresponding many-body contributions to
the total energy using the wavefunctions of the uncharged
(N-electron) case [22]. The position of molecular levels is
determined here by considering the effect on the total en-
ergy of adding an electron to, or removing it from, a certain
molecular orbital and neglecting the electron rearrangement
that takes place upon charging in analogy with Koopmans’
theorem in Hartree—Fock theory. We have previously shown
[22, 27] that these rearrangement effects are larger in small
molecules such as benzene but that this approximation gives
no appreciable differences in bigger molecules, such as the
case considered here.

We analyze the addition or removal of an electron
from a system using the following many-body generalized
Hubbard-like Hamiltonian:

H=H" + Z Uiniipiiy), + Z JijRioN jor (2)

i io,jo’

where the first term represents the one-electron part, while
the latter two are the electron—electron (Coulomb) interac-
tion between the same or different sites; indices i and j label
sites (typically atomic orbitals), while o is the spin state.! In
a mean-field approximation, the ground-state energy for this
Hamiltonian is [22, 26, 27]:

N
1
E[N]=) e+ Uinirniy + 5 > Jijnionjo
i i io#£jo'

1
=5 2 Jigio (1= nig). 3)
io

Here, n;; = (fj¢ ) gs are the atomic orbital occupations. The
first term in (3) represents the one-body contributions to
the energy, followed by the (intra- and inter-site) Hartree
terms, while the last term is the exchange energy [26],
which describes the interaction between the electron density
nj, and the corresponding hole density 1 — n;,, through a
weighted Coulomb integral [26] (see below); this descrip-
tion of exchange-correlation effects [22, 26] has several ad-
vantages over LDA, as we shall show below. Indices i and j

Note that our method is not restricted to this particular form of Hamil-
tonian, and it is possible to include higher-order many-body terms,
such as those discussed in [34].
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run over the atomic orbitals and the Coulomb integrals

2
- [

include intra- and interatomic integrals depending on wheth-
er orbitals i and j belong to the same atom or not. The ex-
change integrals J;* are the average of the J;; weighed over
the sites on which the exchange hole is delocalized (typi-
cally nearest-neighbors): J;*. Z Jijn; ] o/ Z n; ] o

If an electron is now added to the system, the orbital oc-
cupations {n;} are increased with respect to the uncharged
case; for a spin-up electron, for instance, we have:

njp —> Rip —i—(snm, )

nij, —njy,

with an analogous expression for an added spin-down elec-
tron.

The total energy for this N 4 1 electron case is obtained
by approximating the Hartree and exchange energies up to
second order in §n and substituting (5) in (3). The affinity
level (1) is then given by

A=E[N+1]—

=€} + ) Udnigniy

i

E[N]

1
+ E Z Jij (nig(gan —i—nj(,/SniT + 3n,-T8an)

io#jo'
1
- E Z Jt)f'r[
io

An equivalent equation can be written for the removal
of an electron, which corresponds to the ionization energy,
where the orbital populations vary upon charging by 8n; 1
(which are, in general, not equal to dn;4; see (12) below):

—nirdnip + (1 —nip)dniy —dnjy]. (6)

nip — njp — 8n§T,

@)
ni| — nij.
In a similar way, we arrive at
I =E[N]— E[N —1]
= 6?\,‘6' — Z U,'(Sn;Tni¢
i
1
3 ' Z J,‘j( — nig8n/” — nj(,/(Sn;T + Sn;TSn'jT)
io#£jo'
1 2
+ EZJ,?;[nman;T —(L—nip)dnjy —ni3]. 8
10

Notice that, within the same approximation of E H and
E* up to second order in n, we can rewrite (6) and (8) as

I =E[N]—E[N —1]

oo MET+EY
=E€N T T4 oniy
8n,~¢
1/ d*EH PEY
- — 75ni¢5an — 78”1‘? ,
2 an[Taan an[Taan
)]
A=E[N +1]— E[N]
_coe  DETHEY "
N+1 aan !
1/ 9%EH ?E~
+ —<78ni¢8n” - 751152?).
2\ 0n;p0njy oni40n jy

By realizing that the Hartree and exchange potentials are
given by the derivative of the total energy with respect to
the occupation numbers, +-, these terms up to first order in
dn are included in the DFT level positions. The difference
between these DFT levels and the ionization and affinity en-
ergies is given by the remaining terms (second-order terms
proportional to 8 ) which constitute the corrections we

propose to the DFT levels.
I = eNFT(HOMO)

1 < 92EH

———dniydn;
al’l[Taan ‘et

PEY
al’l[Taan

ZJX‘S niy’,

= e}?,FT(HOMO)

— E Z Jian;TSn;
i#]
(10)
A = eNFT(LUMO)

1 < 9ZEH

+ E 8ni¢8n”

PE*
—_— - ———én,
8n,~T8an 3}1,‘T8nj¢

=c NFT (LUMO)

+ — ZJ,/(Sn,TSn,T—i— ZJ (Sn,T
t#/

In our calculations, we have used the N-electron Kohn—
Sham orbitals to describe the wavefunctions of the excita-
tions. This implies that the variations in the orbital popula-
tions are simply given by the projection of the corresponding
wavefunction on the basis orbitals {;}; for the ionization
and affinity energies, these are

sn}y = —|(y:[HOMO)|*

s (11
8njr = | (¥ ILUMO)|".
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Normalization of the Kohn—Sham wavefunctions ensures
that the charge variation is not a fraction but exactly one
electron () ; én;jy = 1).

The above analysis can be extended not just for the ion-
ization and affinity levels but for all molecular orbital posi-
tions E:

1 1
DFT 2
Eg=ey (@) Z Jijbnindn s & = § Jron},.
i#] i (12)
2
Snip = £|(vi @ @)[,

where the plus (minus) sign should be used for empty (oc-
cupied) molecular orbitals.

Equation (12) is our main formal result: it expresses
the energies of the molecular levels as a bare DFT result,
plus a correction which is evaluated using the correspond-
ing N-electron wavefunction. In DFT, the ith eigenvalue is
the derivative of the total energy with respect to the (con-
tinuous) occupation of that orbital [28]. This is a formal re-
sult, valid for the exact exchange-correlation functional, and
the approximations made in the description of exchange and
correlation result in differences with the exact gap; in par-
ticular, it is well-known that LDA and GGA significantly
underestimate the gap. From an analysis of the total energy
for the charged configuration within a many-body Hamil-
tonian, we can identify certain terms, proportional to the sec-
ond derivative of the energy with respect to the occupation
number, which are not included in the DFT energy levels.
These terms constitute the corrections we propose. More-
over, even though the description of exchange and correla-
tion in LDA or GGA is very different to that of (3), we show
that (12) captures the most important many-body contribu-
tions, making these corrections applicable for LDA or GGA
functionals. This is analyzed below for the case of CuPc.

3 Copper phthalocyanine

The CuPc molecule contains an odd number of electrons and
the occupied spectrum has two orbitals whose relative posi-
tion depends rather sensitively on the computational details,
as discussed in the literature [14—17]. One of them is of 7
symmetry, delocalized over the pyrrole and benzene rings
(see Fig. 1(b)), while the other one is a singly-occupied state
of in-plane symmetry, with a large amplitude on the Cu and
neighboring N atoms (Fig. 1(c)). Discerning which of these
two is the HOMO is of obvious importance, yet contradic-
tory results have been published [14—17]. The current un-
derstanding [18] is that the correct ordering of these states
has the (doubly-occupied) 7 orbital as the HOMO, with the
(singly-occupied) Cu-related orbital lower in energy. More-
over, it has been shown [18] that errors arising from self-
interaction, which are present in standard DFT functionals,
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Fig. 1 (a) Chemical structure of the CuPc molecule. Molecular or-
bitals near the gap: (b) 7 orbital delocalized over the pyrrole and ben-
zene rings, (c¢) orbital localized around the Cu atom, whose position in
standard DFT is spuriously pushed close to the vacuum level due to
self-interaction errors, (d, e) degenerate LUMO

Table 1 Some parameters used in the calculations

Cu C N H
Jii]‘.llra V) 24.5 17.0 19.0 20.5
J¥ (eV) 4.5 6.0 6.0 11.5

artificially shift the position of all molecular orbitals (espe-
cially the strongly Cu-localized orbital close to the vacuum
level) in some cases giving rise to a spurious crossing with
the HOMO level, complicating the interpretation of DFT
level positions. Here we start with a DFT calculation of the
molecule using a ‘standard’ exchange-correlation functional
(i.e., LDA or GGA) and then correct the level positions ac-
cording to the scheme described in Sect. 2.

The DFT calculations were carried out using the SIESTA
[30] and Fireball [31] codes, using both the LDA and
GGA, and spin-polarized and unpolarized approximations.
We find that using either the LDA approximation or a spin-
degenerate approach results in the wrong position of the
Cu-localized orbital as the HOMO; these results are in
agreement with other DFT results reported in the litera-
ture [18]. The HOMO-LUMO gap is ~1.0 eV (zero for the
spin-degenerate case, as the Cu-localized HOMO is singly-
occupied), significantly smaller than the experimental value
for the transport gap [10, 11, 13]. From our DFT calcula-
tions, the Kohn—Sham eigenvalues EBFT (o) and eigenvec-
tors @ («) are obtained. Values for J,.i‘.ltra and J;* for CuPc are
shown in Table 1, while the 8n; are square of the amplitude
of molecular orbital o on the basis orbital i. (For nearest-
neighbors we evaluate the integral in (4) directly, while
for larger separations we can approximate Jl.i]‘.lter ~1/R;j.)
Thus, all parameters involved in (12) are determined by the
N-electron (DFT) calculation of the first step.

The application of (12) to the CuPc molecule is shown
in Fig. 2, which shows the value of the corrections (12) for
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Fig. 2 Value of the corrections to the DFT spin-degenerate molecu-
lar levels (of m (blue) or o (red) symmetry), as obtained using (12).
Positive (negative) values correspond to empty (occupied) states. The
spin-degenerate HOMO, localized in the Cu and N atoms, gives rise to
two levels, each accommodating one electron, whose energy difference
is the Hubbard U for this state, as discussed in the text

each molecular orbital. The magnitude of these corrections
is large, and the sign is positive (negative) for empty (occu-
pied) states. Not surprisingly, strongly-localized molecular
orbitals give rise to important level corrections due to the
large values of J;; and dn; (see Table 1 and (12)). We be-
lieve this to be important, since the form of (12) is clearly
reminiscent of self-interaction correction terms [29], and the
magnitude of the corrections, which increase with localiza-
tion, follow the product of the densities, just as one would
expect for self-interaction corrections.

Figure 3 compares the molecular spectrum for the LDA
spin-degenerate approximation before and after the appli-
cation of (12) (we choose the spin-degenerate case to fo-
cus on the many-body effects that determine the level po-
sitions, as described below). The corrections to the levels
are introduced as a scissors operator, shifting the position of
each DFT level by the amount given by (12) for that level.
The right panels show both spectra broadened by a 0.4 eV
Gaussian [15]. For clarity, the HOMO is aligned at the ex-
perimental ionization energy (—6.4 eV, [15]). The calculated
spectra do not reproduce quantitatively the experimental re-
sults of [15], nor do they agree with all the details of the most
sophisticated hybrid-functional calculations, as reported in
[18], which agree quite well with experiment. The reason for
this is the rather simple LDA calculation, Fig. 3, top panel,
which underlies the subsequent corrected spectra. What is
significant is that the application of (12) does provide sub-
stantial improvement over that of standard DFT in two main
areas. The first one is the spurious sequence of molecular
orbitals around the HOMO, associated to self-interaction er-
rors, which is corrected by (12). The second one is the sig-
nificant opening of the gap, which goes from ~1.0 eV (DFT)

to 4.7 eV (after the application of (12)). For the LDA case
(top right), this underestimation of the gap is so important
that the contribution from the empty states overlaps with
the occupied one. The energy gap obtained through com-
bined photoemission/inverse photoemission spectroscopy is
2.1-2.3 eV on thin films [10, 11, 13]. If we now consider
that the difference in the ionization or affinity levels between
the gas-phase and condensed-phase is ~0.85 eV [10, 32],
the previous values translate to 3.8-4.0 eV for the gas-phase
gap, smaller than our value of 4.7 eV, which seems to in-
dicate that our method leads to too large corrections. We
note in passing that we compare with the transport gap
obtained from combined direct/inverse photoemission gap,
rather than the optical gap (~1.5-1.7 eV [10, 11, 13]), as
the latter includes a significant (~0.6 eV) excitonic compo-
nent.

Finally, while the LDA or GGA spectra show minor dif-
ferences and suffer from the same shortcomings with re-
spect to the gap and self-interaction errors (see also [18]),
we chose to show the spin-degenerate spectrum to illustrate
how the description of exchange-correlation beyond mean
field can split a singly-occupied (spin-degenerate) level into
two levels, each accommodating one electron, and whose
energy difference gives the value of the Hubbard U (one can
think of the electronic levels of the hydrogen atom). Our ap-
proach allows for the determination of this many-body para-
meter associated with the molecular orbital localized around
the Cu and N atoms (Fig. 1(c)); this is twice the correction
for that orbital (Fig. 2), or 7.0 eV, slightly larger than those
obtained using LDA+U calculations [16].

4 Conclusions

In this paper, a method for improving the electronic spec-
trum of standard DFT calculations (i.e., LDA or GGA ap-
proximations) was presented, and discussed for the case of
the CuPc molecule. The method is based on an analysis of
the change in total energy when an electron or hole is added
to a specific molecular orbital, neglecting orbital relaxation
due to charging (i.e., using the N-electron Kohn—Sham or-
bitals). The corrections are introduced as shifts modifying
each DFT eigenvalue by a quantity which depends on that
particular molecular level, and whose magnitude reflects
(through the corresponding wavefunction) the energy asso-
ciated with creating a charge excitation at that molecular or-
bital. The approach is formally very similar to other methods
of obtaining level positions beyond LDA [33] and is fast and
simple, since all necessary quantities can be obtained from
the N-electron DFT calculation. Moreover, the use of these
corrections for CuPc with the LDA approximation shows
that, even if the description of exchange and correlation used
in the derivation of the corrections is different from LDA,
the most important many-body contributions are captured.
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Fig. 3 (a) Position of molecular levels near the gap. The dashed
arrows show the corrections for the Cu-localized o (red) and pyrrole-
delocalized 7 (blue) orbitals; (b) Electronic spectrum of the CuPc
molecule, broadened by a 0.4 eV Gaussian, with the HOMO aligned
at the experimental value of —6.4 eV (arrows): (top) spin-degenerate

For the case of the CuPc molecule, the corrections do not
perform as well as hybrid or semiempirical functionals, but
they remedy important deficiencies of standard DFT, such as
the spurious crossing of levels and symmetry of the HOMO,
associated with self-interaction errors, or the underestima-
tion of the gap. The large value of the gap and of the Hub-
bard U for the Cu-localized orbital suggest that we are over-
estimating the level corrections, but the inclusion of other
many-body terms to (2) (as discussed in [34]) would reduce
the magnitude of the level corrections.

Finally, the corrections described here can be introduced
for the general case of a metal/organic interface by comput-
ing the level shifts projected on the molecular basis; that is,
by computing (12) when indices i and j are basis orbitals
belonging to molecular atoms. This way, the localized na-
ture of molecular states would result (through the quantity
|(yi| P (a))]?) in significant level corrections, while these
would be negligible for Bloch states, delocalized over the
metal, scaling the magnitude of the level corrections with
the ‘molecular character’ of the orbital. In this case, though,
this would have to be done within the self-consistency cycle
to obtain a proper charge transfer. We are currently working
in this direction.
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LDA calculation; (bottom) after the corrections to the molecular levels
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tions from empty states, as the gap is so small
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