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Recently, an approximate theoretical framework was introduced, called local reduced density ma-
trix functional theory (local-RDMFT), where functionals of the one-body reduced density matrix
(1-RDM) are minimized under the additional condition that the optimal orbitals satisfy a single
electron Schrodinger equation with a local potential. In the present work, we focus on the character
of these optimal orbitals. In particular, we compare orbitals obtained by local-RDMFT with those
obtained with the full minimization (without the extra condition) by contrasting them against the
exact NOs and orbitals from a density functional calculation using the local density approximation
(LDA). We find that the orbitals from local-RMDFT are very close to LDA orbitals, contrary to
those of the full minimization that resemble the exact NOs. Since local RDMFT preserves the
good quality of the description of strong static correlation, this finding opens the way to a mixed
density/density matrix scheme, where Kohn-Sham orbitals obtain fractional occupations from a
minimization of the occupation numbers using 1-RDM functionals. This will allow for a description
of strong correlation at a cost only minimally higher than a density functional calculation. © 2015 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4927784]
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Orbitals from local RDMFT: Are they Kohn-Sham or natural orbitals?

I. INTRODUCTION

Reduced-density-matrix-functional theory (RDMFT)' is
an alternative formulation of the many-electron problem where
every ground-state property, including the ground-state en-
ergy, is a functional of the one-body reduced density ma-
trix (1-RDM). A main advantage compared to density func-
tional theory (DFT) is that the electronic kinetic energy can
be written explicitly in terms of the 1-RDM. Like in DFT,
approximations in RDMFT can be cast in a form where all
terms are simple explicit functionals of the 1-RDM except a
remaining unknown part of the electron-electron interaction
term which can be also called exchange and correlation energy.
Contrary to DFT, the exchange-correlation (xc) energy does
not contain kinetic-energy contributions since that part of the
energy is treated exactly. Constructing functionals amounts
to introducing approximate forms for the xc energy term in
terms of the 1-RDM. Most approximations in RDMFT are
explicit functionals of—and are minimized in terms of—the
natural orbitals (NOs), ¢;(r), and their occupation numbers,
n;. Various different approximations for the total energy func-
tional have become available over the past decades>!” which
have proven to describe correctly such diverse properties as
molecular dissociation* or band gaps.'*!#2° A major draw-
back of RDMFT, however, is the increase in computational
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cost compared to a DFT calculation which is mostly due to
the optimization of the NOs. Contrary to DFT, the functional
variation with respect to the orbitals does not reduce to an iter-
ative eigenvalue problem. A few techniques have been intro-
duced to define effective Hamiltonian schemes with non-local
potentials to obtain the natural orbitals.?'~>* Although some of
these techniques reduce the computational cost substantially
compared with the full minimization, orbital determination in
RDMEFT still remains a bottleneck when compared with DFT
or even Hartree Fock (HF) methods.

In an attempt to incorporate the merits of RDMFT
functionals, like static correlation effects, in Kohn-Sham-
like equations, an alternative approach, called local-RDMFT,
was introduced recently.>* The main idea in this approach
is to optimize the orbitals under the additional constraint
that they are the eigenfunctions of a Hamiltonian containing
only a kinetic term and a local scalar potential. Due to
this strong constraint, local-RDMFT does not solve the full
problem of orbital optimization in RDMFT. Instead, the orbital
optimization can be considered as being in the realm of DFT,
where the orbitals satisfy single particle equations. The cost
for one optimization of the orbitals in local-RDMFT is similar
to the cost of a density functional calculation using an orbital
functional via the optimized effective potential method. Local-
RDMEFT can potentially describe static correlations, where

©2015 AIP Publishing LLC
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most DFT approaches fail. More specifically, it was found that
a qualitatively correct dissociation of H, and N, molecules is
obtained. In particular, for H», if the corresponding functional
of the IRDM gives the correct physical picture of dissociation
in standard RDMFT, then this desirable feature is also
preserved by local-RDMFT.

In addition, the calculated energy eigenvalues of the
Hamiltonian in local-RDMFT appear to provide a useful en-
ergy spectrum for molecular systems. It was found that those
energy eigenvalues are very good approximations for the
ionization potentials (IPs) of a set of atomic and molecular
systems>*? although a mathematical proof of their association
with the IPs is lacking. In the present work, we refer to RDMFT
with the full minimization of the NOs as ful-RDMFT and use
the prefix full also for specific functionals, e.g., full-Miiller, in
order to distinguish from local-RDMFT for which the prefix
local will be used.

A given set of NOs cannot be obtained as the eigenfunc-
tions of a Hamiltonian with a local potential, as we know from
their asymptotics. Hence, enforcing the additional constraint is
an additional approximation and the optimized local-RDMFT
orbitals (LROs) are expected to be different from the natural
orbitals. As a result, the question arises how much the LROs
differ from the orbitals obtained from a full minimization, i.e.,
a minimization of an approximate energy functional without
the additional constraint, and from the exact NOs obtained
with a very accurate multiconfigurational method. Since the
constrained minimization scheme strongly resembles a density
functional calculation, one might expect the resulting LROs to
be closer to the Kohn-Sham (KS) orbitals of a DFT calculation.
This is certainly true for the asymptotic behavior of the orbitals
in finite systems. The exact NOs decay exponentially and if
their occupation number is fractional, which is generally the
case, they will all share the same exponent for the decay,
determined by the chemical potential of the system.’® The
KS orbitals for a finite system also decay exponentially but
the exponent is determined by their KS eigenvalues which
implies that the orbitals decay with different exponents unless
they are energetically degenerate. The same holds true for the
LROs, i.e., they decay with an exponent that is determined by
the associated energy eigenvalue. This has little effect on the
total energy since the asymptotic region contains hardly any
density and, hence, does not contribute significantly to the total
energy.

In the present work, we focus on the nature of LROs.
More specifically, we compare the LROs from an approximate
RDMEFT functional in the local framework with (a) the orbitals
from a full minimization using the same approximate func-
tional, (b) very accurate approximations of the exact NOs ob-
tained with multi-configuration self-consistent field (MCSCF)
calculations, and (c) the KS orbitals from a DFT calculation
using the local density approximation (LDA). This allows us to
investigate if the orbitals from local-RDMFT are indeed closer
to KS orbitals than to the exact NOs. We shall find that the
LROs resemble the KS orbitals. Hence, our work provides the
motivation for further exploration of the possibility of hybrid
DFT/RDMFT approaches, for example, to obtain the orbitals
from a flavor of DFT and the occupation numbers through a
minimization of an appropriate RDMFT functional.

J. Chem. Phys. 143, 054106 (2015)

The paper is structured as follows: in Section II, we review
the basic ideas of local-RDMFT and the Schrodinger equation
that the LROs have to satisfy. In Section III, we then compare
the shapes of the NOs from a full minimization with the LROs
from local-RDMFT, using different common approximations
for the exchange-correlation energy in RDMFT,>>%%27 for
the helium atom and for the hydrogen molecule at different
internuclear distances. To complete the comparison, we also
include the almost exact NOs from a MCSCEF calculation, the
KS orbitals from a DFT calculation using the LDA, and the HF
orbitals. We conclude the paper in Section I'V.

Il. LOCAL RDMFT

The theory of local-RDMFT was presented recently in
Ref. 24; here, we give a brief summary of the method and
state the equations which are solved numerically. Commonly,
RDMEFT functionals depend separately on the occupation
numbers n; and the NOs, ¢;(r). The total energy is then
minimized in a two-step process: first one minimizes with
respect to the occupation numbers for a fixed set of NOs and
then keeps those occupation numbers fixed while minimizing
with respect to the NOs. These two steps are then iterated until
convergence is achieved. While the minimization with respect
to the occupation numbers is numerically inexpensive, the
optimization of the orbitals is quite costly. The local-RDMFT
approach reduces the cost for this minimization significantly
while still providing fractional occupation numbers through
the usual optimization under Coleman’s N-representability
conditions.

The central idea in local-RDMFT?* is that the search for
the set of LROs is restricted to the domain of orbital sets that
satisfy single-particle equations with a local potential

VZ
-5t Vexd(r) + Viep(r) | ¢(xr) = €;¢;(x). (nH

The search for the electron-electron repulsive part Vie,(r) of the
effective local potential (the analogue of the Hartree-exchange
and correlation potential in the KS equations) is replaced by a
search for the effective repulsive density (ERD) prep(r) whose
electrostatic potential is Vip(r), i.e.,

VzVrep(r) = —47 Prep(T). 2

Minimizing with respect to prp(r) allows for the implementa-
tion of two additional constraints,

/drprep(r) =N-1, 3)

Prep(r) = 0. “

The two constraints are sufficient to correct the asymptotic
behavior of the effective local potential, thus healing to a large
extent the self interaction problem expected to be present in the
potential for many approximate functionals in local-RDMFT.

The optimal ERD and the effective local potential can be
obtained, similarly to the OEP method, by solving the integral
equation®*

/ & HET) o) = B, s)
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The response function y(r,r’) and b(r) are given by
Xy = 3 #0) g ¢k<r>¢,<r> L ®
J.k,j#k
FY (k)
br)= ) (9)l “;?_ —he el gy gi(r) ¢i(x),  (9)
J.k,j#k
with F) defined by
6EHXC - 3 () ’ (!
6¢;(r) = /d r’ Fi (1) ¢;(r). (10)

Enxc 1s the approximation for the electron-electron interaction
energy, ¢; are the LROs and n;, and €; their corresponding
occupation numbers and orbital energies (eigenvalues of the
effective Hamiltonian). The two constraints are incorporated
with a Lagrange multiplier (3) and a penalty term (4) that intro-
duces an energy cost for every point r where pp(r) becomes
negative.

Within local-RDMFT, the numerical cost for one minimi-
zation with respect to the orbitals reduces to the cost for a DFT
calculation using an orbital functional. Apart from reducing
the numerical cost, the local-RDMFT framework provides an
energy eigenvalue spectrum connected to the LROs. We found
that the energy eigenvalues of the strongly occupied orbitals
reproduce the ionization potentials of small and large mole-
cules?*? accurately. We now turn our attention to the question
of how the LROs compare with different sets of orbitals like the
almost exact NOs taken from MCSCEF calculations, those from
the full RDMFT minimization, and the KS orbitals of LDA.

lll. RESULTS AND DISCUSSION

In this section, we perform full- and local-RDMFT calcu-
lations for the He atom, and the H,, molecule at 3 different
intermolecular distances, the equilibrium geometry with R
= 1.4 a.u., an intermediate distance with R = 3 a.u., and at the
dissociation limit, R = 8 a.u., in order to examine the impact
of the local potential constraint on the optimized orbitals.
For full- and local-RDMFT, we employ a few representative
approximations, namely, the Miiller,> BBC3,> Power,*!* ML,’
and Lowdin Schull (LSH)?’ functionals. The LSH functional is
the exact one for the 2-electron singlet case in the full minimi-
zation. Apparently, in local-RDMFT, with the assumption of
a local potential, LSH is no longer exact and not necessarily
better than other approximations. For comparison, we also
calculated the NOs obtained within the complete active space
MCSCF method. As these are very accurate approximations
to the exact NOs, we will refer to them as “exact” NOs in
the following. Full minimization orbitals from the LSH func-
tional obviously coincide with those from the MSCF method,
since we discuss only two electron singlet systems. Finally, we
compare the LROs with restricted HF (RHF) and LDA orbitals.

J. Chem. Phys. 143, 054106 (2015)
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FIG. 1. The dependence of the occupation numbers of the lo- and lo*
spin-orbitals of Hj as a function of the internuclear distance. Only functionals
which yield a qualitatively correct dissociation are included (see text for
details).

All calculations were performed with the HIPPO computer
code,?® except for MCSCF for which we used the GAMESS
code.’® In all calculations, the cc-PVTZ Gaussian basis set
was employed. For simplicity, and in order to avoid numerical
noise introduced in weakly occupied orbitals, we compare or-
bitals with an occupation larger than 107*. In order to compare
orbitals qualitatively, we plot them along the radial direction
for the He atom and along the intermolecular axis for the H,
molecule. To keep the figures uncluttered, we plot only the
orbital from one RDMFT functional (full and local), together
with the MCSCEF, the LDA, and the RHF ones. In addition, as a
more quantitative comparison, we calculate the overlaps of the
corresponding orbitals obtained with full RDMFT and local-
RDMEFT, for all the functionals employed, with the exact NOs
and KS-LDA orbitals.

Before discussing the nature of the LROs, we present more
evidence that static correlations can be correctly described by
local-RDMFT if the corresponding 1RDM functional has this
property. In Fig. 1, we show the occupation numbers of the
lo and 10" spin-orbitals of the H, molecule obtained with
four different functionals in local-RDMFT. We see that the
dependence of these occupations on the distance is qualita-
tively correct going to the correct dissociation value of 1/2.
Occupations from local-LSH and local-BBC3, in particular,
are quite accurate compared with the exact ones. The ML
functional is not included in this plot as it does not yield a
qualitatively correct dissociation curve for H, in either the
local or the full RDMFT version. As H; at large internuclear
separation is a prototype correlated system, it is of particular

TABLE I. IPs (in eV) from the HOMO eigenvalues of local-BBC3 and
local-LSH for H; at equilibrium and at 3 A compared with values from EKT
with BBC3 and LSH full-RDMFT functionals. The exact values, which are
obtained from the energy difference of the positive ion and the neutral system,
are also included.

BBC3 LSH
Distance (A) Local EKT Local EKT Exact
0.77 15.98 15.94 15.98 16.20 16.20
3.00 12.75 12.44 12.89 13.26 13.26
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TABLEII. Overlaps of the helium 2 orbital employing different functionals
within local- or full-RDMFT with the corresponding exact NO and LDA

orbital.

Local-RDMFT Full-RDMFT
Exact NO LDA Exact NO LDA
Miiller 0.85803 0.999 64 0.996 57 0.89302
BBC3 0.85748 0.999 67 0.999 56 0.868 25
ML 0.85878 0.99953 0.984 62 0.755 65
Power 0.85792 0.999 63 0.996 20 0.89507
LSH 0.85801 0.999 65 0.999 99 0.85369

-2.0

2.0

FIG. 2. Helium 2s orbital along an axis through the position of the nuclei
obtained with full- and local-RDMFT compared with the exact NO, and those
obtained with LDA and RHF. The orbital obtained with either local-BBC3,
local-Power, or local-ML is very similar to the one given by local-Miiller.

interest to see if the negative of the orbital energy of the HOMO
is a good approximation for the IP. In Table I, we show the
calculated IPs at two internuclear separations, at equilibrium
and at a distance of 3 A. Results from full RDMFT using the
extended Koopman’s theorem (EKT)?%3'-34 are also shown.
EKT is proven to yield the IP exactly for the exact functional
of the IRDM. It also provides a new orbital representation in
terms of the canonical orbitals which can be associated with the
electronic spectrum.*3 Finally, in Table I, we also include the
exact results within the particular basis set which are obtained
using the definition of the IP, i.e., the total energy difference
E(N — 1) — E(N), where E is the total energy and N is the
number of electrons. As expected, the IP of the EKT method
is exact for the LSH functional. Local-LSH and BBC3 func-
tionals on the other hand are very accurate at the equilibrium
distance and rather satisfactory at large separations as well, as
shown in Table I.

We continue with discussing the nature of the LROs.
The helium 1s orbital appears to be identical for all methods
considered in this work showing the typical shape of a s
orbital. This orbital is strongly occupied in local- and full-
RDMFT calculations and its occupation, summed over spin,

— Exact NO
-— LDA .
local-Miiller

0 @u)

0.2

Yo 20 00 20 40

(@)

varies between 1.975 and 1.994. The He 2s orbital, on the
other hand, shown in Fig. 2, is strongly dependent on the
calculation method. The occupation of this orbital varies be-
tween 0.0019 and 0.011. Within the local-RDMFT approach,
all four different functionals yield an almost identical form
on the scale of the plot; hence, only the one obtained with
the Miiller functional is included in Fig. 2. Also, the orbitals
from the Miiller and Power functionals in the full RDMFT
calculation are identical, and again, only the one given by
Miiller is shown. Interestingly, all LROs from local-RDMFT
are almost identical with the corresponding LDA orbital and
are also close to the RHF one. Orbitals from full-RDMFT are
closer to the exact NO with the orbital from BBC3 being the
closest.

The overlaps of helium 2s orbital obtained with different
methods are shown in Table II. The overlaps of the full-
RDMEFT orbitals with the exact NO are larger than 0.98 for
all approximations. On the contrary, the local-RDMFT orbitals
for all functionals are almost identical to the LDA orbital with
overlaps larger than 0.999.

In Figs. 3(a) and 3(b), we plot the 1o~ and 10" orbitals,
for the hydrogen molecule at equilibrium, along the intermo-
lecular axis. The first orbital looks exactly the same for both
local- and full-RDMFT and all approximate functionals. It is
also very close to the exact NO and RHF orbitals while the
LDA gives a slightly different orbital which is, however, still
close to the NOs. The overlaps between the RDMFT orbitals,

Exact NO .
---- LDA

RHF

full-Miiller
local-Miiller

FIG. 3. H; 1o (left) and Hp 10" (right) orbitals at equilibrium plotted along the nuclear axis. For the 1o, all full- and local-RDMFT functionals employed yield
the same orbital in the scale of the plot; therefore, only the local-Miiller orbital is shown which also almost coincides with the exact NO and that from RHF. For
the 1o7*, all local-RDMFT functionals employed yield almost the same orbital, while the full-RDMFT orbitals look slightly different from each other but are all
close to the exact natural orbital. Only the full- and local-Miiller orbital is shown.
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TABLE III. H, 1o* orbital at equilibrium: overlaps between local- and full-
RDMFT orbitals with exact NO and LDA orbitals for different RDMFT
approximations.

J. Chem. Phys. 143, 054106 (2015)

TABLE IV. H; 20 orbital at intermediate distance 3 a.u.: overlaps between
local- and full-RDMFT orbitals with exact NO and LDA orbitals for different
RDMEFT approximations.

Local-RDMFT Full-RDMFT Local-RDMFT Full-RDMFT
Exact NO LDA Exact NO LDA Exact NO LDA Exact NO LDA
Miiller 0.74144 0.998 92 0.99537 0.768 73 Miiller 0.80117 0.99771 0.93510 0.88263
BBC3 0.738 58 0.999 11 0.999 54 0.719 60 BBC3 0.796 25 0.998 50 0.999 52 0.796 24
ML 0.737 19 0.999 20 0.997 67 0.75372 ML 0.79297 0.999 83 0.954 54 0.893 06
Power 0.74059 0.998 96 0.99138 0.643 64 Power 0.793 68 0.99975 0.98611 0.75053
LSH 0.73759 0.999 17 0.999 99 0.71255 LSH 0.788 74 0.99991 0.999 99 0.78008

both local and full, with the exact NO never deviate from one by
more than 3 - 1075, The overlaps with the LDA orbital are only
marginally smaller with a deviation from one of about 3 - 107,
The antibonding 1o0°* orbital again looks exactly the same for
all local-RDMFT functionals tested and almost coincides with
the corresponding LDA orbital. The RHF orbital is also close
to them. The full RDMFT NOs are again close to the exact
NO, with the BBC3 being the closest. The Power full-RDMFT
orbital lies between the Miiller and the BBC3 orbitals and
is omitted from the plot for clarity. These findings are again
confirmed by the overlaps between the different sets of orbitals
which are given, for the 10" orbital, in Table III: the overlap
between the local-RDMFT orbitals and the LDA orbital being
around 0.999 in all cases and the full RDMFT orbitals having
an overlap with the exact NO larger than 0.99.

At an internuclear distance of 3 a.u., one finds practically
the same orbital for the 1o~ and 10" orbitals for all methods
considered in this work. Therefore, they are not discussed in
more detail. In Fig. 4, we plot instead the 20 orbital for this
system, the only orbital, with a significant occupation, which
differs depending on the employed method. As in all other
cases considered, local-RDMFT gives exactly the same orbital
for all functionals. The corresponding LDA and RHF orbitals
look similar and are close in shape to the local-RDMFT or-
bitals. On the other hand, the orbitals obtained by full-RDMFT
differ significantly. While the BBC3 full RDMFT orbital is
very similar to the exact NO, the Power, the ML, and the Miiller

Exact NO

0.4+ . . ———- LDA -
L " " s RHF

full-Miiller

local-Miiller |

0.0
X (a.u.)

FIG. 4. H; 20 at internuclear distance 3 a.u.: All local-RDMFT functionals
look almost the same. The full-RDMFT orbitals differ slightly from each
other but are all closer to the exact natural orbital than to the LDA and RHF
orbitals. Only the local and full-Miiller orbitals are shown. LDA and RHF
orbitals almost coincide.

orbitals differ from it especially close to the nuclei. Overall,
however, the full RDMFT orbitals are significantly closer to
the exact NO than the local-RDMFT ones. This is also reflected
in the overlaps given in Table IV which show a large overlap
between the full RDMFT orbitals and the exact NO while the
local-RDMFT orbitals are rather closer to the LDA orbital than
to the exact one.

In Fig. 5 top and bottom panels, we show the first two
orbitals for the hydrogen molecule at the dissociation limit.
Since most orbitals look almost identical on the scale of
the plot, we only included some examples to show the gen-
eral behavior. At this limit, the two orbitals plotted are the
symmetric and antisymmetric combination of hydrogen atom
ls orbitals for all approximations except full-BBC3. The
reason for this difference is because this approximation is
not invariant under a delocalization unitary transformation
in a subspace of localized NOs with degenerate occupation
numbers. As it was shown in Ref. 36, BBC3 favors ener-
getically orbital localization and, in that way, it remains size
consistent. Local-BBC3, since it is based on the same energy
functional, should also favor orbital localization. The reason
it does not is that the single particle Hamiltonian with the
local potential is invariant in the subspaces of degeneracies
(an occupation number degeneracy leads to a single particle
energy degeneracy). Thus, for the effective Hamiltonian, it is
equivalent to get localized or delocalized pairs of orbitals and
the choice is mostly a technical matter of the diagonalization
routine. In our case, the result with local-BBC3 resembles
that of the other approximations, i.e., a pair of symmetric and
antisymmetric delocalized orbitals. This small discrepancy
between the full and the local version of a given functional
can be resolved by a subsequent minimization of the original
functional in the subspace of degeneracy. Generally, we should
keep in mind that the local Hamiltonian is invariant under
orbital rotations while the energy functional might not be.
In such cases, a small scale additional minimization of the
original functional in the degenerate subspace is required.

Since for all systems studied here, the local-RDMFT or-
bitals are close to the LDA ones, one might wonder if the same
is true for the corresponding energy eigenvalues. We found
this not to be the case and the average differences from the
LDA eigenvalues for different functionals are of the order of
5-6 eV, for the orbitals considered in this work, as one can see
in Table V. The relative differences for all functionals lie in
the range of 32%—-463%. This is largely expected since local-
RDMEFT energy eigenvalues have been proven to give accurate
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FIG. 5. Hy lo (top) and Hy lo* (bottom) orbitals at dissociation. Es-
sentially, all functionals for full and local-RDMFT yield a symmetric and
antisymmetric superposition of two hydrogenic orbitals except full-BBC3
that gives two localized orbitals instead as discussed in the text.

approximations to the experimental IPs>**?> contrary to the

LDA ones. The big difference from the LDA eigenvalues can be
partly attributed to constraints (3) and (4). If one compares the
local-RDMFT eigenvalues with those from LDA calculations
where the same constraints are imposed®® (referred to as con-
strained LDA (cLDA)), one finds an improved agreement in all
cases, as shown in Table V. The average energy differences in
this case are in the range of 0.5-1.3 eV for the different local-
RDMFT approximations while the relative differences for all
functionals are in the range of 0.2%-64%.

The close resemblance of local-RDMFT orbitals to LDA
ones suggests that, as far as static correlations are concerned,
one could completely avoid the orbital optimization. Instead
one could perform a single minimization of occupation num-
bers using KS orbitals, for example, from a LDA calculation,
and still obtain a good description of static correlation as

TABLE V. The average differences (in eV) of the local-RDMFT eigenvalues,
for the orbitals considered in the present work, from those of the LDA (Arpa)
and cLDA (ACLDA).

Functional ALpA AcLpA
Miiller -6.32 -1.27
BBC3 -6.24 -1.17
ML -4.96 -0.48
Power -5.54 -0.50

J. Chem. Phys. 143, 054106 (2015)

local-RDMFT was found to provide. In order to obtain non-
idempotent solutions for the occupation numbers, it is essential
to use 1-RDM approximations for the energy expressions and
not density ones.’* The resulting method could provide an
adequate description of strong static correlation at a compu-
tational cost which is only slightly larger than a density func-
tional calculation since the only additional calculation is a one-
shot optimization of the occupation numbers which is rather
cheap. In addition, a single evaluation of the effective potential
of local-RDMFT with the modified occupation numbers would
offer an improved quasi-particle energy spectrum compared to
the initial LDA calculation.

IV. CONCLUSION

In conclusion, this work focuses on the nature of the
optimal orbitals, LROs, of local-RDMFT. This approach was
introduced recently as a bridge between RDMFT and DFT. It
is based on the idea of minimizing functionals of the 1-RDM
under the additional condition that the LROs satisfy a single-
particle Hamiltonian with a multiplicative KS-like potential.
Apart from computational efficiency, the motivation for the
development of local-RDMFT is that there exists a single-
electron spectrum associated with LROs which was proven
quite useful in describing spectral properties like ionization
energies of molecular systems.

According to the findings of this work, LROs from local-
RDMFT are much closer to the Kohn-Sham orbitals from LDA
than the exact NOs. Orbitals from full-RDMFT on the other
hand resemble the exact NOs much closer than LROs of local-
RDMFT. This fact is a demonstration of the hybrid nature
of local-RDMFT: the combination of non-idempotency, i.e.,
fractional occupancies, with KS-like orbitals. Interestingly, the
nice features of local-RDMFT, like the correct description
of molecular dissociation and a single electron spectrum, are
combined with KS-like orbitals due to the non-idempotency
which is introduced through the adoption of functionals of the
1-RDM.

The present work can be seen as the initiative for the quest
of approximations that combine density functionals leading
to KS-like orbitals with approaches based on the 1-RDM that
lead to fractional occupancies for these orbitals. Such schemes
would combine the simplicity of DFT methods with advanced
features of RDMFT, like the description of effects that require
to go beyond the single determinant approximation. The simi-
larity between the local-RDMFT orbitals and KS-LDA orbitals
suggests that combining a density functional calculation with a
single optimization of the occupation numbers with a 1-RDM
functional could provide an inexpensive way for the descrip-
tion of strongly correlated systems in a hybrid density/density
matrix framework in the future.

ACKNOWLEDGMENTS

LT. and N.H. acknowledge support from an Emmy-
Noether grant from Deutsche Forschungsgemeinschaft. N.N.L.
acknowledges support from the Greek Ministry of Education
(EXITA program), GSRT action KPHIIIX, project “New



054106-7 Theophilou et al.

multifunctional Nanostructured Materials and Devices—
POLYNANO” (No. 447963). A.R. acknowledges financial
support from the European Research Council Advanced Grant
DYNamo (No. ERC-2010-AdG-267374), Spanish Grant (No.
FIS2013-46159-C3-1-P), Grupos Consolidados UPV/EHU
del Gobierno Vasco (No. IT578-13) and European Community
FP7 project CRONOS (Grant No. 280879-2) and COST
Actions CM1204 (XLIC) and MP1306 (EUSpec).

IT. L. Gilbert, Phys. Rev. B 12, 2111 (1975).

2A. M. K. Miiller, Phys. Lett. A 105, 446 (1984).

3S. Goedecker and C. J. Umrigar, Phys. Rev. Lett. 81, 866 (1998).

M. A. Buijse and E. J. Baerends, Mol. Phys. 100, 401 (2002).

50. Gritsenko, K. Pernal, and E. J. Baerends, J. Chem. Phys. 122, 204102
(2005).

N. N. Lathiotakis, S. Sharma, J. K. Dewhurst, F. G. Eich, M. A. L. Marques,
and E. K. U. Gross, Phys. Rev. A 79, 040501 (2009).

D. R. Rohr, J. Toulouse, and K. Pernal, Phys. Rev. A 82, 052502 (2010).
8D. R. Rohr, K. Pernal, O. V. Gritsenko, and E. J. Baerends, J. Chem. Phys.
129, 164105 (2008).

M. A. L. Marques and N. N. Lathiotakis, Phys. Rev. A 77, 032509 (2008).

10M. Piris, Int. J. Quantum Chem. 106, 1093 (2006).

U1p, Leiva and M. Piris, J. Chem. Phys. 123, 214102 (2005).

12N N. Lathiotakis, N. Helbig, A. Zacarias, and E. K. U. Gross, J. Chem. Phys.

130, 064109 (2009).

13M. Piris, X. Lopez, F. Ruipérez, J. M. Matxain, and J. M. Ugalde, J. Chem.

Phys. 134, 164102 (2011).

145, Sharma, J. K. Dewhurst, N. N. Lathiotakis, and E. K. U. Gross, Phys. Rev.

B 78, 201103 (2008).

I5M. Piris, J. M. Matxain, and X. Lopez, J. Chem. Phys. 139, 234109 (2013).

16K, Pernal, J. Chem. Theory Comput. 10, 4332 (2014).

J. Chem. Phys. 143, 054106 (2015)

7M. Piris, J. Chem. Phys. 141, 044107 (2014).

I8N Helbig, N. N. Lathiotakis, and E. K. U. Gross, Phys. Rev. A 79, 022504
(2009).

19N N. Lathiotakis, S. Sharma, N. Helbig, J. K. Dewhurst, M. A. L. Marques,
F. Eich, T. Baldsiefen, A. Zacarias, and E. K. U. Gross, Z. Phys. Chem. 224,
467 (2010).

203 Sharma, J. K. Dewhurst, S. Shallcross, and E. K. U. Gross, Phys. Rev.
Lett. 110, 116403 (2013).

2IK. Pernal, Phys. Rev. Lett. 94, 233002 (2005).

22M. Piris and J. M. Ugalde, J. Comput. Chem. 30, 2078 (2009).

23T. Baldsiefen and E. K. U. Gross, Comput. Theor. Chem. 1003, 114 (2013).

24N. N. Lathiotakis, N. Helbig, A. Rubio, and N. I. Gidopoulos, Phys. Rev. A
90, 032511 (2014).

25N. N. Lathiotakis, N. Helbig, A. Rubio, and N. I. Gidopoulos, J. Chem. Phys.
141, 164120 (2014).

26M. M. Morrell, R. G. Parr, and M. Levy, J. Chem. Phys. 62, 549 (1975).

27p._0. Lowdin and H. Shull, Phys. Rev. 101, 1730 (1956).

2N, 1. Gidopoulos and N. N. Lathiotakis, J. Chem. Phys. 136,224109 (2012).

2N. N. Lathiotakis, HIPPO computer program, contact lathiot@eie.gr for
information.

30M. W. Schmidt, K. K. Baldridge, J. A. Boatz, S. T. Elbert, M. S. Gordon, J.
J. Jensen, S. Koseki, N. Matsunaga, K. A. Nguyen, S. Su et al., J. Comput.
Chem. 14, 1347 (1993).

3D, W. Smith and O. W. Day, J. Chem. Phys. 62, 113 (1975).

32K. Pernal and J. Cioslowski, Chem. Phys. Lett. 412, 71 (2005).

33M. Piris, J. M. Matxain, X. Lopez, and J. M. Ugalde, J. Chem. Phys. 136,
174116 (2012).

34M. Piris, J. Matxain, X. Lopez, and J. Ugalde, Theor. Chem. Acc. 132, 1298
(2013).

35J. M. Matxain, F. Ruipérez, 1. Infante, X. Lopez, J. M. Ugalde, G. Merino,
and M. Piris, J. Chem. Phys. 138, 151102 (2013).

36N. N. Lathiotakis, N. L. Gidopoulos, and N. Helbig, J. Chem. Phys. 132,
084105 (2010).


http://dx.doi.org/10.1103/PhysRevB.12.2111
http://dx.doi.org/10.1016/0375-9601(84)91034-x
http://dx.doi.org/10.1103/PhysRevLett.81.866
http://dx.doi.org/10.1080/00268970110070243
http://dx.doi.org/10.1063/1.1906203
http://dx.doi.org/10.1103/PhysRevA.79.040501
http://dx.doi.org/10.1103/PhysRevA.82.052502
http://dx.doi.org/10.1063/1.2998201
http://dx.doi.org/10.1103/PhysRevA.77.032509
http://dx.doi.org/10.1002/qua.20858
http://dx.doi.org/10.1063/1.2135289
http://dx.doi.org/10.1063/1.3073053
http://dx.doi.org/10.1063/1.3582792
http://dx.doi.org/10.1063/1.3582792
http://dx.doi.org/10.1103/PhysRevB.78.201103
http://dx.doi.org/10.1103/PhysRevB.78.201103
http://dx.doi.org/10.1063/1.4844075
http://dx.doi.org/10.1021/ct500478t
http://dx.doi.org/10.1063/1.4890653
http://dx.doi.org/10.1103/PhysRevA.79.022504
http://dx.doi.org/10.1524/zpch.2010.6118
http://dx.doi.org/10.1103/PhysRevLett.110.116403
http://dx.doi.org/10.1103/PhysRevLett.110.116403
http://dx.doi.org/10.1103/PhysRevLett.94.233002
http://dx.doi.org/10.1002/jcc.21225
http://dx.doi.org/10.1016/j.comptc.2012.09.001
http://dx.doi.org/10.1103/PhysRevA.90.032511
http://dx.doi.org/10.1063/1.4899072
http://dx.doi.org/10.1063/1.430509
http://dx.doi.org/10.1103/PhysRev.101.1730
http://dx.doi.org/10.1063/1.4728156
http://www.lathiot@eie.gr
http://www.lathiot@eie.gr
http://www.lathiot@eie.gr
http://www.lathiot@eie.gr
http://www.lathiot@eie.gr
http://www.lathiot@eie.gr
http://www.lathiot@eie.gr
http://www.lathiot@eie.gr
http://www.lathiot@eie.gr
http://www.lathiot@eie.gr
http://www.lathiot@eie.gr
http://www.lathiot@eie.gr
http://www.lathiot@eie.gr
http://www.lathiot@eie.gr
http://dx.doi.org/10.1002/jcc.540141112
http://dx.doi.org/10.1002/jcc.540141112
http://dx.doi.org/10.1063/1.430253
http://dx.doi.org/10.1016/j.cplett.2005.06.103
http://dx.doi.org/10.1063/1.4709769
http://dx.doi.org/10.1007/s00214-012-1298-4
http://dx.doi.org/10.1063/1.4802585
http://dx.doi.org/10.1063/1.3324699

