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Abstract

A hybrid density functional theory multireference configuration interaction hybrid model (DFT/MRCI) method for computing elec-
tronic excitation energies in heavy-element atomic and molecular systems has been developed within a graphical unitary group approach
(GUGA) based configuration interaction framework. Implemented in the COLUMBUS suite of programs, the method advances several
new capabilities for evaluating systems involving several electronic spin states, relativistic effects and spin—orbit coupling. The method
has been evaluated on several types of systems including carbon monoxide, bromine, bromine fluoride, and uranium +4, uranium +5
and uranyl 2+ ions. The method delivers a high level of experimental consistency with absolute accuracies ranging from 11% to 22%.
A reduction in relative error ranging from 11% to 42% is observed for the new method when compared with time dependent density
functional theory (TDDFT). The new approach provides a significant improvement in computational effort for comparable MRCI cal-

culations with an observed reduction of expansion size by factors up to 64.
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1. Introduction

Spectroscopic examination of heavy-element com-
pounds reveals a rich and complex structure, due in part
to the high density of states arising from multiple open
electron shells and relativistic effects. Calculations of spec-
troscopic observables in heavy-element molecular systems
require an accurate, efficient, and scalable method capable
of dealing with large numbers of electrons in multiple open
electronic shells, as well an ability to incorporate scalar and
two-component relativistic effects. Time dependent density
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functional theory (TDDFT) [1] has been shown to compute
accurate excitation energies in some cases, however, its sin-
gle determinant basis make adequate descriptions of multi-
determinant atomic and molecular systems problematic [2].
This work has focused on development of a hybrid DFT/
MRCI method based upon the methodology developed
by Grimme and Waletzke [3] and implemented within the
framework of the COLUMBUS spin—orbit graphical unitary
group approach (GUGA) configuration interaction (CI)
programs [4].

2. Theory

Density functional theory (DFT) computes dynamic
correlation energies efficiently through the use of density
functionals [5]. In principle, if the exact universal density
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functional is known for a system, the exact correlation
energy can be computed. However, for atomic and molec-
ular systems of interest, only approximate density function-
als are available, limiting the effectiveness of the method.
Additionally, the single determinant nature of the method
limits the effectiveness for systems with appreciable non-
dynamic correlation [6,7]. On the other hand, a CI
calculation can effectively compute both dynamic and
non-dynamic electron correlation, but it is known to
converge very slowly [8], requiring large numbers of config-
urations in some cases to achieve accurate results. The
basis of the DFT/MRCI hybrid approach is to compute
the dynamic electron correlation energy contributions with
DFT, and use a modified CI calculation to compute the
non-dynamic electron correlation. Modification of the CI
Hamiltonian matrix elements is necessary to preclude dou-
ble counting of the dynamic electron correlation from both
the DFT and CI calculations, while preserving the non-
dynamic correlation contribution from the CI calculation.

2.1. The Grimme—Waletzke approach to DFTIMRCI

The first such hybrid model using configuration interac-
tion singles (CIS) was proposed by Grimme [9], and it was
later expanded to configuration interaction singles and dou-
bles (CISD) [3]. The Grimme—Waletzke approach consisted
of constructing an effective DFT/MRCI Hamiltonian within
a selected-CI code, with modified diagonal matrix elements,
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where F ll,j(.S is the matrix element of the Kohn—Sham effec-
tive Hamiltonian given by

FII'J(‘S :hij+(i|VC(P)‘j)+an(l'j|kk), (2)

and w and w represent spin—coupling pattern and spatial
occupation vector, respectively.

In the Grimme—-Waletzke method, the two-electron con-
tributions to the excitation energy is scaled by empirically
determined constants, p;, and p[No|. The scale factor p;
depends on the amount of exact Hartree Fock (HF)
exchange used in the computation of the Kohn-Sham orbi-
tals, with a theoretical value from TDDFT of

p;=1—xur, (3)

where xyr is the amount of exact HF exchange used in the
DFT calculation. The second parameter, p[Ny], depends on
the number of open shells, Ny, in the state |ow). Grimme
and Waletzke observed a systematic increase in p[Ny| as

the number of open shells increased in their calculations,
and they defined a linear relationship between p[N,] and
Ny. For singlet states, the relationship takes the form

PINo] = "p[0] + Nyo, 4)
while for triplet states, the relationship takes the form
pINo] = Njo. (5)

For off-diagonal elements, (ww|HPFT|w'w), the Grimme—
Waletzke method uses a damping factor based on energy
differences between the diagonal matrix elements for each
configuration state function,

(ww]| HPFT — EPFT |/ w!) = plefpzAE:-n/ (ww|H — E"F|a/w).

(6)
This scaling factor compensates for the double counting of
dynamic electronic correlation and assures coupling of
energetically close states necessary for effective treatment
of non-dynamic correlation. The Grimme—Waletzke meth-
od does not scale off-diagonal elements of states with the
same spatial description.

An advantage of the Grimme-Waletzke DFT/MRCI
method is the significant reduction of the size of the CI
expansion, in some cases, by several orders of magnitude.
Because the DFT calculation captures so much of the
dynamic correlation, the need for a large CI expansion is
greatly diminished. Grimme and Waletzke employed a con-
figuration state function (CSF) selection procedure based
upon the orbital energy difference between occupied and
virtual orbitals. By ignoring configuration state functions
(CSFs) between states that differ by more than a deter-
mined cutoff energy, 6E, the size of the CI expansion was
reduced by several orders of magnitude.

2.2. Analysis of off-diagonal damping in the effective DFT/
MRCI Hamiltonian

The scaling factor applied to the off-diagonal matrix ele-
ments in the hybrid CI Hamiltonian serves to adjust the
coupling between CSFs in the CI orbital expansion. This
is analogous to damping a system of coupled mechanical
or electrical oscillators. As the coupling between modes is
reduced, energy is removed from the system. This is not
necessarily the case in the hybrid DFT/MRCI model, how-
ever. This is because both the DFT and the CI both model
the dynamic correlation energy. Including both sources of
this energy results in an overestimate of the dynamic corre-
lation energy in the hybrid DFT/CI effective Hamiltonian.
Introducing the off-diagonal scaling serves to remove a
portion of the dynamic correlation energy contribution
from the CI calculation.

2.2.1. Effect of DFTIMRCI-style damping on eigenvalue
absolute errors

The effect of variation of two independent scaling
parameters, p; and p, on the absolute error between the
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