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Abstract

A python code coupled to the ab initio Valence Bond code XMVB, is designed to optimize non-
orthogonal orbitals in Valence Bond (VB) wave functions that describe excited states. This code can
handle both ground and excited states. Our implementation relies on the general Brillouin theorem (GBT)
and super configuration interaction (SCI) processes. We tested our program on the ground and the singlet
excited V states of the ethene molecule. Both energetic and wave function are used to compare our results

with the literature.
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1 Introduction

Excited states are usually considered in the Molecular Orbital with Configuration Interaction (MO-CI)
framework, with fully delocalized (and orthonormal) orbitals. There, the symmetry labels of the orbitals
can be used to label the states, and ab initio computations can take advantage of the orthogonality
between orbitals to handle large Configurations Interactions (CI). This family of methods reaches the
state of the art in Multi-Reference CI techniques, possibly with further pertubative algorithms.[1] Despite
their accuracy, one can find two limitations to these methods: they are not easy to use and the meaning of
the wave function is lost in numerous configurations. Time Dependent Density Functional Theory solved
the first limitation[2] and is nowadays routinely used for large systems, for instance of biological interest.
We recently started to use, for low-lying excited states, Valence Bond approaches that are based on local
orbitals. The wave function is thus different from what can be found in methods based on MOs. They are
usually more compact (a smaller set of determinants is used), and each configuration can be associated to

a specific meaning, like covalent or ionic.[3, 4] In previous papers we called "trust factor" the overlap
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between MO-CI (CASSCF, MRCI) and VB wave function.[5] When the trust factor value is close to 1.0,
the two wave functions are equal. Although only a small number of examples were studied,[5, 6] a trust
factor of about 0.95-0.99 seems quite easy to obtain, so the two approaches (MO-CI vs VB) correspond to

wave functions that describe the same state with a similar accuracy.[7, 8]

Wave function optimization is an important matter, and quite a few programs have been developed
through the years in the VB community to obtain wave function with local and possibly optimized
orbitals.[9—-12] In the present work we used XMVB 2.0 as embedded in GAMESS. [13] As most of the
other programs, it can optimize simultaneously the non-orthogonal VB orbitals and the coefficients of the
VB configurations for the ground state. It can use different algorithms, for instance based on the gradient
of the energy or based on super-CI. It can give access to excited states.[14, 15] Parallel implementations

are also available and they recently improved the efficiency of the codes.[16—18]

In this paper, we discuss convergence issues related to an optimizer for Valence Bond non-orthogonal
orbitals, with a special focus on excited states.[19-21] The super CI optimizer that we used is based on
the Generalized Brillouin theorem[21, 22]The paper is organized as follows: in the section 3, some
equations are reminded, our notation is introduced, and our implementation is briefly explained. The
example of the excited V state of ethene is then discussed in details in section 4. As the performance of
the VB wave function on this specific case of the V state has already been discussed elsewhere,[5, 15] we

shall only focus here on the convergence of the algorithm.

2 Super CI (SCI) approach

The SCI algorithm relies on the generalized Brillouin theorem (GBT) formulated by Berthier-Levy in the
late 60's,[22] and used for MCSCF (orthogonal) orbitals optimization. Both ground and excited states
wave function were obtained in this MO framework.[21, 23] The principle was further developed by
many others, see for instance alternative studies by Roos, Siegbahn, Ruedenberg, Jgrgensen and co

workers .[24-27]

The method has been successfully applied to Valence Bond orbital optimization for ground state with a
small adaptation on the aforementioned GBT theorem.[28, 29] It can be briefly outlined here. Starting
from a basis set that contains the non-optimized (atom centered) orbital a, which is occupied, and a
virtual orbital on the same atom Va. The @ orbital is optimized by accounting for some Va components as
in equation (1). In principle this is a small modification of the orbital, and we noted it €a. The optimized

a’ is obtained at the next iteration, neglecting the normalization for the sake of simplicity.
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a =a+e€,V, (1)

2.1 Standard GBT optimization of the orbitals (for a ground state Vo)

To obtain €a, which can be considered as the optimum amount of Va to add to a, a Super-CI technique is
used. The SCI wave function contains the guess wave function (for instance
¥y = C’ﬂ...(a)...] + 02""(b)"") and selected mono-excitations on the same atomic center from & to

Va as in equation (2). This will ensure that the orbital optimization remains localized on the same atomic

Va
center. For the sake of simplicity, only one mono-excitation, noted Yy (a ) is considered in equation (2).

\IIOSCI - dO\I}U +dzl/a \IJO(XQ) 2)

/7
In the next step Yo is considered. It corresponds to the expression of \I}O, when the optimized orbital a’is

used instead of a, still neglecting its normalization.

’

U, = Nx (cl|...(af)...\ +02\...(b)...\>
— Nx <Cl|...(a+eaVa)...| +02|...(b)...|)

— Nx <C’1|...(a)...\—|— Oy ...(b)...]
+ O x ea|...(Va)...|>

= Nx Ug+ (N xC; xe,) o (V) 3)

Equating (2) and (3) term to term, leads to the expression of €a, equation (4). This last step can be
justified by the variational principle, and the fact that the super CI wave function (‘Ijoscz) includes mono-
excited terms in addition to the starting wave function. Hence the @’ orbital is always a better choice, until
the optimization has converged. In that case the guess wave function is equal to the SCI due to the
generalized Brillouin theorem.

dVa

€a = Trxdo 4)

Moreover, the optimization process uses more than one virtual orbital so the SCI involves several mono-
excitations for each orbital. Hence, we compute a set of €a values rather than only one. As shown in
equation (4) the coefficient C1 on the VB wave function appears in €a at the denominator. This could

induce converging issues for minor VB structures. In order to lessen pathological behaviors in the



optimization process, we removed this dependency in the actual implementation. Hence, in our
implementation, Equation 4 is replaced by Equation 5 below. A threshold of 10° au on the energy
variations was used throughout.

Va
da

do )

€q = T X

In Equation 5, 7 is an attenuator that would divide the modification by 10 whenever a mono-excitation is
dYe

too large. We defined that this is the case whenever do is larger than 0.1. In normal use =1, but 7=0.1

only in some rare tests cases with very bad guess orbitals.

2.2 Modified formulation for the optimization of the orbitals of the first excited
state V1
The SCI Hamiltonian matrix used to optimize the a orbital for the ground state is shown in Equation (6).

The first root of the Hamiltonian matrix leads to the ground state \IJOSCI, and finally the optimized ground

opt
\IIO

state is obtained. The algorithm is extended to the excited state orbital optimization using the next

root. In order to avoid possible root flipping problems we included in the SCI Hamiltonian matrix the

opt
fully optimized ground state (\IIO ). Hence the matrix looks like equation (7). The ground state has in

principle its own set of orbitals and determinants. Accordingly, the mono-excitations are defined from the

v
. . Uy .
first excited state = <a ) (not from the ground state). The rest of the process is the same as for the

ground state.

<WH|Wy > | | < o H|To(*") >

< WolH|Wo (V) > | < wo ()| HIWo (1) >

(6)
< WP H|US > < WP H|Y, >
< U U s < Uy |H|Ty > < U |HU () >
Va Va VG«
U H () > <0 () H I () >
(7




If we extend the process to optimize the orbitals of the n" state, we need the (n-1) lower states. The SCI
overlap matrix is of course constructed in the same basis as that of the Hamiltonian matrix. When the

Schrodinger equation is solved for the SCI matrix, the states are obtained with the following expansion:

Voge, = (= 1.0)¥g + (= 0.0) Ty + (~ 0.0)¥; (V) ...
Viger = (2 0'0)\1]0 +d1 ¥, + d(‘l/a\lfl ((‘1/@) ®)

Similarly to the ground state optimization, the coefficients of the SCI eigenvector are used to modify the
orbitals of the excited state, as in Equation (1). To modify Equation (5) for the first excited state, we
simply use the next eigenvector of the system, d1 instead of 90, Hence, for the first excited state, Equation
5 is replaced by Equation 9 below. The attenuator 7 is the same, and a threshold of 10 au on the energy

variations was also used throughout.

dy €))

Va
where da is obtained from the mono excitation of Y1 (Equation 8).

3 Computational details

All calculations were carried out on the ethene with GAMESS-US, version May 1, 2013 (R1),[30] and
XMVB 2.0 programs.[13] We used the 6-311+G(d)[31, 32] basis set with 6D Cartesian primitives, as
implemented by default in GAMESS-US. So each atom centered orbital p, is described by four p,
cartesian primitives and one d (d,,) cartesian primitive for ethene. We used the experimental geometry of
ethene[32] (CC=1.339 A, CH=1.086A, CCH=121°). Unless stated, VB calculation used o orbitals from a

CAS calculation of the target state, and those are frozen during the optimization process.

For the sake of comparison with MO calculations, appropriate CAS and RAS[33, 34] wave functions
have been computed. The ethene molecule has two electrons and two orbitals 7 ('Bs,) and = (IBZg) in the
active space of the CAS(2,2). The RAS1 space contains o orbitals of carbon-carbon bonds and carbon-
hydrogen bonds: 2a,, 2b,,, 1b,,, 3a,, 1bs,. One hole is permitted in this space. The RAS2 space contains
the CAS space orbitals. One hole and one particle are permitted in this space. The RAS3 space contains
o orbitals of carbon-carbon anti-bonding and carbon-hydrogen anti-bonding: 2b,,, 3b,,, 4a,, 2bs,, 4b,,.

One particle is permitted in this space. Core orbitals were optimized.

The weights of the VB structures are obtained with the Coulson-Chirgwin formula, [35] which reads:



All VB structures
w; = E Cz X Cj X Sij
j=1 (10)

4 Application to ethene

X

Hau, e
.Ci——C,
H 5( 1 ZVH , 2

Scheme 1: The ethene orientation with carbon and hydrogen atoms numbering.

The ethene VB wave function for the ground state involves the three structures 1 2 3 shown in Scheme 2.
Each orbital represents a p, atom centered VB orbital. Dashed lines represent singlet coupling between

two electrons on two different orbitals.

Scheme 2: Neutral 1, 4 and 5 and ionic 2 and 3 VB structures of ethene. For the sake of clarity, formal

charges are omitted.

As proposed by Wu et al,[15] 4 and 5 must be considered for the excited state instead of 1. These two
structures can make an out-of-phase combination that contributes significantly to the description of the

B,, state. Their guess orbitals correspond to the optimized orbitals of structures 2 and 3 for the ground

’ 12 111 /
state. For their optimization, we used four virtual orbitals per atom (Vl, Vl, Vi R Vi and VZ, Vz, ),
which are strictly localized on a carbon. Each set of virtual orbitals was orthogonalized to the most diffuse

/7 17 111
orbital of structure 4 (for Vl, Vl, Vi , Vi ) and that of structure 5. At the first step, they are thus
orthogonal to the most diffuse occupied orbitals of 2, and 4 for the V1 set because at the first step those

have the same orbitals. Similarly, the Vo set is orthogonal to the most diffuse occupied orbital of 3, and 5.



Table 1 reports the relative energies of independent VB structures 1, 2, 3 that are used as guesses in the
following. Moreover, the VB structure 1 is chosen as the energetic reference for the results presented

here.

Table 1. Relative energy in eV of
independent optimized VB structures
1,2, 3 with CAS o and core orbitals

frozen.

HF -0.04
CAS[2.2] -0.80
1 0.00
2,3 5.98

[ for symmetry reason: Ey=E,

4.1 Ground state: N state or 1 'A, state

The p, guess orbitals of ground state optimization collected herein are the orbitals obtained from single
structure optimization at the ground state. We reported in Figure 1 the VB and SCI curves during the
orbital optimization for the ground state. The insert focuses on the end of the optimization process, within
2.107 eV. The triangles correspond to the gradient-based optimizer of the XMVB code (iscf=3), which
converges faster than our GBT implementation. Other works on ground state orbital optimization already

showed a similar trend. [36, 37]
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Figure 1: VB curve (X) of our GBT implementation, and the corresponding SCI curve (O) for the ground
state energy (in eV) during p, orbital optimization for the ground state of ethene. The triangles correspond
to the standard optimizer of the XMVB code (iscf=3) based on numerical gradients. The origin of energy
is that of Table 1. A zoom-in is added in the insert for the end of the optimization, with a range of 0.02

eV, - as for the other graphs. Specific values are reported in Table 2.

Table 2. Relative energy for HF,
CAS and optimized VB wave
function (eV).

At the convergence (step 44) the energy criteria (AE<=10"°) is fulfilled. The energy difference between
SCI and VB is also small, AEg; =2.7 10° eV and the overlap[5] between VB and CAS wave function is

HF -0.04
CAS[2,2] -0.80
1 0.000
VB step 0 -0.461
step 10 -0.850
step 25 -0.859
step 44 -0.859




VB yCAS « _
closed to 1: <Ves|¥y i, == 0.99

optimize the wave function.

It shall be reminded that no symmetry constraint was used to

The two optimized wave functions (our GBT v.s. iscf=3) are the same, with same coefficients and same

weights: w,=75%, w,=w;=13%. The most important weight is the one of the neutral structure 1..[5, 15]

4.2 Excited state: V state or 1 'B,, state

The V state corresponds formally to a m —> mt* excitation. We used the CAS(2,2) wave function to
compare our resulting wave function to that of the MO-CI formalism (using the overlap trust factor T).
Again the standard iscf=3 algorithm is used to assess that our GBT optimizer converges to the same state.
The V state of ethene belongs to the B, symmetry, but we did not use the symmetry to optimize the wave
function. However because of the antisymmetry through the inversion operator i, the standard singlet
coupled covalent VB wave function (structure 1 Scheme 1) cannot be relevant anymore. Wu et al.[15]
introduced structures 4 and S to complete the wave function. They showed that the correct vertical

excitation energy was obtained with an out of phase combination of 4 and S.

The o orbitals are from the CAS calculation on the 1 'B,, state. Hence the o orbitals are different those of
the ground state. We used the same virtual orbitals that we already used for the ground state. The

convergence curve is reported in figure 2.

9.00 ]
8.80
8.60
8.40

8.20

8.00

7.80

Figure 2: VB curve (X) and SCI curve (O) of excited state, p, orbital optimization of ethene. The triangles

correspond to the standard optimizer of the XMVB code (iscf=3) based on numerical gradients. The
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origin of energy is the same as the one of Table 1. The insert zooms on the energy, with a range of 0.02

eV.

During the optimization process, we observe some pathological oscillations for the GBT optimizer
(Figure 2). This phenomenon can be quite easily corrected by a re-orthogonalization of the virtuals
orbitals to some occupied orbitals. We applied this strategy by an orthogonalization at iteration 17 (Figure
3). The virtuals of C, were orthogonalized to the p, orbital of this carbon in structure 4. For C, we used
that of structure 5. In the insert is a zoom for the last steps. The convergence is indeed much better after

the orthogonalization process, although some low oscillations remain.

Again we ensure that the same V state is obtained at the CAS level and VB because the overlap between

VB \yyCAS _
the two wave functions is closed to 1:< \IJES |\Ijl By, 7 0‘99. The two VB wave functions (GBT and
iscf=3) are similar in coefficients and weights. The weights of VB structures we obtained are w,=
w3=44% and w,=ws=6%. The most important weight is obtained for the two ionic structures 2 and 3.

They also compare well with the corresponding literature.[15]

9.20

7.630
9.00 e
7.626

7.624 7
8.80 T 7.622 O—
7.620
7.618 7

8.60

7.614 7

840 7.612

7.610

8.20 |

Energy

8.00
0.2

7.80

lteration

AAAAAAA

7.60 ' '
0 5 10 15 20 25 30 35 40 45

0.0

Figure 3: VB curve (X), SCI curve (O) and overlap curve (filled circles) of excited state, during the p,
orbital optimization of ethene. The origin of energy is the same as the one of Table 1. A re-
orthogonalization of virtuals orbitals is done at iteration 17. The insert zooms on the energy with a range
of 0.02 eV. A representative overlap between occupied and virtual orbitals is plotted on the right vertical

axis.
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4.3 "Full" BOVB for an excited state: breathing orbital effect for the o orbitals

In this section, we tested the convergence of our GBT implementation with different o orbitals for the
different structures. In this computation the ground state has its unique set of orbitals, with inclusion of
the Breathing Orbital Effect for both the o skeleton and the m system — the corresponding orbitals were
optimized in the BOVB formalism, with different o skeletons for each structure of the ground state.
Similarly, for the excited state, a specific o skeleton was also optimized for each of the four structures,
which should allow to include some dynamical correlation effect from the o part.[34, 38, 39] Only the
core orbitals were not included in the BOVB formalism. They correspond to the CASSCF core orbitals of
the corresponding state. Namely, the two core orbitals of the ground state are not the same as those of the
excited state. Hence a total of 15 orbitals were used for the ground state optimized to describe the o
skeleton (5 for each of the three structures), and 20 for the V state orbital, which has four structures. No
re-orthogonalisation of the virtuals was performed. Figure 4 shows the VB curve and the SCI curve with
this "Full" BOVB wave function. A slow convergence is observed: even after 100 steps (see the insert)

are the two curves (VB and SCI) alike, slowly converging.

Again we used the overlap-based criterium between this full-BOVB wave function and the CAS wave
function to ensure that the same state was described, and to gauge the Breathing Orbital Effect on this
criterium. The dynamical correlation introduced in the BOVB wave function usually plays an important
role on the energies but such an effect is in fact not perceptible on the wave function. Hence, overlaps and
weights should be very similar to those obtained without the breathing of the o orbitals. Indeed, we did
not observe a significant modification of the overlap between VB and CASSCF wave functions compared
to the situation where only m orbitals were allowed to breath. The same state is clearly obtained with the

BOVB|JyCAS —
full-BOVB computation: <¥Egs |\111 By, =7 0'99.

As for the weights, they also do not vary much : w,=w;=50.7% and w,=ws=-0.7%. The small negative
weight that appears for neutral structures 4 and 5, is a usual symptom of some redundancies in the wave
function, and other weights can be used instead[40]. However, the value is small here. It can be noted that
the oscillation problem (Figure 2) is somehow fixed with this BOVB wave function but the convergence

is slow. !

' Note that the value of the energy cannot be compared to ground state computations that do not account for the
BOE effect.
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Figure 4: VB curve (X) and SCI curve (O) of excited state, p, orbital optimization of ethene when the
Breathing Orbital Effect is considered for the o orbitals. The origin of energy is the same as the one of

Table 1. The insert zooms on the energy with a range of 0.02 eV.

5 Conclusion

As other implementations of the GBT algorithm, our implementation with a slightly modified formulation
(Equation 5 and 8) has proved to have a slower convergence than the gradient-based method for the
ground state (for instance). However, we showed that for the first excited state the convergence issue can
be much more severe. Standard solutions like re-orthogonalisation of the virtual orbitals helped
significantly. Nevertheless the handling of the XMVB gradient-based algorithm (iscf=3) is very handy,
and can be used routinely whereas the GBT algorithm requires to care about the virtuals. One interesting
feature of our implementation is that the excited state is optimized on top of the ground state, which helps
to avoid majors root flipping problems, and ensure the quasi orthogonality of the states. It could be a

valuable tool to help ab initio VB methods to describe degenerated situations like conical intersections.
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