Augmented Lagrangian method for optimizing non-orthogonal orbitals
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We applied augmented Lagrangian method to optimize molecular wave function based on non-
orthogonal orbitals (Spin coupled wave function; SCWF) for its grand-state energy. In contrast
to the orthogonal-orbital-based electronic structure theory, SCWF includes spin eigenfunctions to
satisfy the eigen states as the operator of the square of the spin. To obtain the ground-state
energy of SCWF, therefore, it is necessary to optimize the orbital and the spin-coupling coefficients
simultaneously. In this study, the spin-coupling and the orbital coefficients are optimized with
the augmented Lagrangian method under the constrain of normality of the wave function. We
employed this SCWF method to compute dissociative potential energy surfaces (PESs) of Ha, H; ,
Hej, and HLi. The obtained PESs by the SCWF method are close to these by full configuration
interaction theory. These results indicate that the augmented Lagrangian method is effective to

optimize SCWF.

I. INTRODUCTION

Recent electronic structure theories included in several
simulation packages [1-3] had been developed based on
the orthogonal orbitals, that is, molecular orbital (MO)
method (Hartree-Fock approximation) [4]. However, the
orthogonality between the orbitals is just a assumption
and not an obligatory requirement to describe electronic
structure on a molecule [4, 5]. Owing to this assumption,
we need to use unrestricted MO method to include the
correlation between o and 3 electrons in the same orbital.
Hence, we always suffer from troubles like spin contam-
ination [4], using these approximations for simulating
chemical reactions or magnetic systems. To circumvent
this problem, configuration interaction (CI) based the-
ory represented as full CI and multi-configuration self-
consistent theory (MCSCF) had been developed [6].

In contrast to the much successful MO method, there
are electronic structure theories that are developed to
describe chemical reactions, which are conventionally
known as valence bond (VB) methods [7-10] originated
from the Heitler-London wave function [11]. In spite
of the clarity of the VB method for explaining chemi-
cal reaction, the VB method had not been succeeded as
a main tools for simulating chemical reactions owing to
much demanding computational costs.

The VB method generally uses the non-orthogonal or-
bitals that require explicit spin eigenfunction. Hence,
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it is a very formidable task to optimize the wave func-
tion in contrast to the MO method where minimiza-
tion can be performed with iterative diagonalization
used Hermitian of electronic Hamiltonian. Tradition-
ally, the wave function based on the non-orthogonal or-
bitals are variationally optimized. In the case, analyt-
ical first-derivative to the electronic spatial orbital and
spin (spin-coupling) coefficients is not enough to stabi-
lize the energy but the analytical second-derivative [5, 12]
to them is also necessary. In this study, we intro-
duced the augmented Lagrangian method with the Broy-
den-Fletcher—Goldfarb—Shanno (BFGS) algorithm [13]
using numerical gradient to optimize these coefficients for
the energies and validated its accuracy by comparing the
full CT potential energy surface (PES).

The augmented Lagrangian method or method of mul-
tipliers [14, 15] is an algorithm to solve constrained op-
timization problems. It is used in quantum chemistry
for reducing the computational cost results in computa-
tional acceleration under the constrain of idempotent of
density matrix [16, 17]. Here, we applied this algorithm
to optimize the orbital and spin-coupled coefficients for
the energy of wave function based on non-orthogonal or-
bitals.

II. NON-ORTHOGONAL ORBITALS SYSTEM
A. Spin coupled wave function

Wave function of N electrons based on non-orthogonal
orbitals are called spin coupled wave function (SCWF)



proposed by Gerratt and expected to show much stability
rather than molecular orbital [5]. The SCWF are written
in the following form,
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Cgy is the spin-coupling coefficient. & is a well-known
anti-symmetrizer imposing the anti-symmetry of Fermion
to the wave function;
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¢i(i = 1,2,...N) is familiar linear combination of basis
functions (y;) with coefficient C;; and the normalized
orbitals but non-orthogonal to each other;

¢i = Z CiiXj> (3)
(Pi | 1) = A (4)

&/ includes permutations (P) all over N electrons with
its parity ep. P operates on both spatial and spin parts.
Ogsnk is an N-electron spin function. The number of
the degeneracy of spin eigenfunction is represented by fs.
When the number of spin is S, the number of independent
spin functions with the S, eigenvalue M = S is given by,

fs(N/?—S)(NmiVS—l)' 5)

Hence, eq. (1) indicates that the linear combination of
the independent spin functions. Although there are sev-
eral ways to construct spin eigenfunctions [18; 19], we

J

employed the branching-diagram method to construct
the orthonormal spin systems because the operation of
a permutation on a spin function can be represented by
the linear combination of independent spin functions with
the coefficient of matrix elements U, (P) of symmetric

group;
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B. Energy of SCWF

The Hamiltonian of N electrons is defined by,
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here, h,, and g, (¢, v = 1,2,...N) are the one electron
and two electron operators respectively. Briefly, they are
described in bold style as h and g. Electronic energy
of the wave function of eq. (1) can be obtain as the
expectation value of the Hamiltonian. Thus, the ground
state energy (F) is obtained by minimizing

(Wsnr | A | VUsnr)

E(C,Cs) = Wenr [Wsar)

(8)

The numerator of eq. (8) can be deformed by substitut-
ing Yoy with eq. (1).
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Hereafter, we introduce the notation, pips...un and vqvs...vN as electron arrangements after operating the permuta-
tion P and R to ¢1¢a...¢n. As will be shown letter, because we use SymPy package [20] to decompose a permutation
to elementary transpositions, the following formulated representation is employed as the original electron arrangement
is always ¢1¢2...0n. Hence, the spatial parts of eq. (9) can be described as the following,
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On the other hand, spin parts of eq. (9) can be deformed as the following by using eq. (6) and the orthonormality of
the spin eigenfunctions.
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For spatial parts, because the one-electron integral for any electrons (1,2,...,N) has the same value and the two-electron
integral for any electron-pairs (INV(IN — 1)) is also in the summation over all permutations (P, R), we can obtain the
following form,
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Therefore, N! x N! terms of both one-electron and two-electron integrals should be computed. Here, we dropped the
indices of electron y and v for h and g.

For the computation of the denominator of eq. (8), we just compute N! overlap integrals because of the similarity,
fixing the electronic arrangement of the left side in the bracket to the original ¢1¢s...¢0nN, i.e.
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Gerratt et al. [12, 21] obtained the energy of SCWF, the algorithm, the unconstrained optimization problem
optimizing Cs and orbital expansion coefficients (C) for . .
the energy of eq. (8). On the other hand, McWeeny [22 . 2
suggested optimiz(in)g (12) under the constraint of rEor} minimize  f(x) + (i Zci(x) + Z)‘k’ici<x)’ (16)
mality of SCWF represented in eq. (13) (A(C,Cs) = =t =t
(Psar | Psar) = 1). We employed the latter method to  ig solved. Ak and py are initialized as A\1; = 0, and
optimize the energy of SCWF with the augmented La- p1 = 1. In each step, they are updated as A\gy1; = A\ +
grangian method in this work. 2pc;(xx) and pgp1 = 24k, where xi is the solution to the
k-th step. This process is repeated until the conversion
criteria |c;(xy)| < € is satisfied for all 1 <4 < m.
C. Augmented Lagrangian method In our method, we solve a constrained optimization
problem where the objective function f(x) is the numer-
A constrained optimization problem with m equality — ator of eq. (8), Ens(C,Cs) represented in eq. (12),
constraints is formulated as follows: and the constraint ¢;(x) = 0 is the normality constraint
A(C,Cs)—1=0.
minimize f(x) (14)
subject to ci(x) =0 (1<i<m) (15)
ITIT. COMPUTATIONAL DETAILS
The augmented Lagrangian method solves this con-
strained optimization problem by repeatedly solving an All molecular integrals were obtained via PySCF pack-
unconstrained optimization problem. In the k-th step of age [23]. Since any permutations can be represented



Algorithm 1 Augmented Lagrangian method

Input: objective function f(x), constraints c;(x) (1 < i <
m), tolerance €
Output: x
1: initialize u = 1, A\; = 0 for all 4
2: repeat
3 x ¢ argmin f(x) + 3070, (%) + 27 Aici(x)
4: )\7, < )\1 =+ 2/.,LC1'(X) for all ¢
5 W= 2u
6: until |¢;(x)| < € for all 4

by the multiply of elementary transpositions, the coef-
ficients of matrix elements U, (P) of symmetric group
are prepared only for the elementary transpositions in
an N-electron system. To decompose a permutation to
the product of transpositions, we used SymPy package
[20]. To reduce the computational costs, we employed a
minimum basis set, STO-3G. Initial values of Cg5 and C
are set random numbers but Cg is normalized and C is
set to the values so as to satisfy eq. (4) before the SCWF
energy computation.

In our implementation of the augmented Lagrangian
method (Algorithm 1), the unconstrained optimization
problem was solved by BFGS [13] implemented in SciPy
[24], and we set ¢ = 1078, The gradient for BFGS was
estimated using 2-point finite difference estimation with
SciPy’s default setting.

IV. RESULTS AND DISCUSSION

We used SCWF optimized by the augmented La-
grangian method to describe the PESs of Hy, H , Hed
and HLi as the function of their internuclear distances
and compared them with the PESs at the full CI level.
As the non-orthogonal orbital is the open shell, SCWF
is good at describing the dissociation of chemical bonds.
Furthermore, it is easy to get the spin states through the
spin-coupled coeflicients. Here, we validate the SCWF
with the augmented Lagrangian method from the quali-
tative and quantitative viewpoints.

A. Hs, two electron system

In two electron systems, the spin eigenfunction for the
singlet state is given as the following,

©p = \%{0152 — fraz}, (17)

where the subscript numbers indicate the indices of elec-
trons. The number of degeneracy of spin eigenfunction is
1. Hence, Cg is a constant, 1, and the orbital coefficients
are the values to be optimized. As an example of two elec-
tron systems, we computed the bond breaking process of
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FIG. 1. PESs of H> as the function of internuclear distance
computed by full-CI and SCWF. Relative energies are com-
puted to the dissociated limitation at each computational
level.

hydrogen molecule, Hy. The PESs as the function of
internuclear distance at the full CI and SCWF with aug-
mented Lagradian method are shown Fig. 1. The PES
by SCWF shows the minimum at which the internuclear
distance is 1.4 A and lies at 6.16 eV lower than dissociate
limitation, which is much lower than experimental results
(4.75 eV). This result indicates the over optimization of
SCWF by the augmented Lagradian method. Overes-
timation of the equilibrium would be attributed to the
lack of constrained condition. Unfortunately, we could
not figure out the suitable condition to elevate the accu-
racy except for replacing the object function to eq. (8),
which brings unstability to PESs of the other test sys-
tems. In the longer range, however, the relative energy
of SCWF is stabilized to the degree of full-CI.

The non-orthogonal orbitals of electron 1 and 2 are
shown in Fig. 2. Although both symmetric orbitals are
almost localized on respective nucleus, the overlap inte-
gral with them is computed as the order of 107%, that
seems to be small but enough to stabilize the Hy system.
Since eq. (17) indicates the coupling between electron
1 and 2, we can confirm the appearance of the valence
bond between hydrogen atoms.

B. H;, He;, three electron systems

More than three electron systems, spin eigenfunctions
degenerated with each others. In the three electron dou-
blet systems, the following two functions are degenerated,

Oy = %{2@@[253 —a1fraz — Pfragasz},  (18)
0, = %{04152043 — frasas}. (19)

In the H; system, the equilibrium internuclear dis-
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FIG. 2. non-orthogonal orbitals for electron 1 and 2 of H> at
which internuclear distance is 0.7 A.

tance and the binding energy are reported as 0.8 A and
1.7 eV respectively [25]. As shown in Fig. 3, the SCWF
qualitatively reproduced the PES at the full CI level.
However, the internuclear distance and the binding en-
ergy are overestimated, that is, the minimum lies at 5.68
eV around 1.1 A. Optimized Cg as the function of the
internuclear distance is shown in the bottom of Fig. 3.
From the internuclear distance longer than 0.5 A, the
dominant spin configuration is eq. (18) and its occu-
pancy is over 90%. This function indicates that the spin
couplings of electron 3 with 1 and 2. At the internuclear
distance of 1.1 A, the orbital of electron 1 mainly local-
ized on one nucleus and that of electron 3 mainly local-
ized on the other nucleus as shown in Fig. 4. Hence, the
coupling between 1 and 3 indicates the valence bond be-
tween nucleus. On the other hand, the orbital of electron
2 is delocalized on both nucleus with the anti-bond char-
acter as like the LUMO of Hy as shown in Fig. 4. Clearly,
electron 2 is the radical electron that is only coupled with
electron 3. This result indicates the qualitatively correct
description that the character of H-H valence bond is de-
duced by coupling with the radical electron. However,
the orbital symmetry is not conserved. Then the overes-
timation of the binding energy is owing to the symmetry
breaking [26]. From the internuclear distance shorter
than 0.5 A, the spin configuration eq. (19) is dominant.
Because eq. (19) represents that the spin coupling be-
tween electron 1 and 2, this spin configuration just con-
tribute the destabilization of the system because bonding
character of electron 1 is offset by anti-bonding character
of electron 2.

On the other hand, the SCWF failed to reproduce the
existence of the minimum in the Hej system though the
PES at the SCWF level is close to that at the full CI
level as shown in Fig. 5. In similar way to the H; sys-
tem, dominant spin configuration is eq. (18) whose oc-
cupation is over 90% in the region of longer internuclear
distance than 0.6 A. The non-orthognal orbital of elec-
tron 1, 2, and 3 are shown in Fig. 6. In contrast to the
Hsy and H; systems, orbitals are symmetric and all elec-
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FIG. 3. PESs of H, as the function of internuclear distance
computed by full-CI and SCWF (top). Relative energies are
computed to the dissociated limitation at each computational
level. Square of spin-coupling coefficients along with the top
PES of H; (bottom). Cs[0] and Cs[1] are the coefficients of
eq. (18) and (19) respectively.

Electron 1

>

FIG. 4. non-orthogonal orbitals for electron 1, 2, and 3 of H;
at which internuclear distance is 1.1 A.

trons delocalized on both nucleus but only electron 2 has
anti-bonding character. Because eq. (18) indicates the
coupling of electron 3 with electron 1 and 2, the system
is mainly stabilized by the coupling of electron 3 with
electron 1. However, in the region of shorter internuclear
distance than 0.5 A, the dominance of eq. (18) collapses
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FIG. 5. PESs of Hej as the function of internuclear distance
computed by full-CI and SCWF (top). Relative energies are
computed to the dissociated limitation at each computational
level. Square of spin-coupling coefficients along with the top
PES of Hy (bottom). Cs[0] and Cs[1] are the coefficients of
eq. (18) and eq. (19) respectively.
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FIG. 6. non-orthogonal orbitals for electron 1, 2, and 3 of
Hej at which internuclear distance is 1.1 A.

and the spin configuration of eq. (19) mixes suddenly
not gradually. Therefore, in the shorter region, crossing
between electronic states may be involved in this drastic
change of spin configuration states.

C. HLi, four electron system

Finally, we have checked heteronuclear diatomic
molecule, HLi, it is expected to show ionic (heterolytic)
dissociation to H™ and LiT. The PES as the function
of internuclear distance is shown in the top of Fig. 7.
We found the existence of a minimum at 1.1 A, that is
underestimated in comparison with the experimental one
(1.596 A) and the dissociation energy is overestimated as
4.25 eV (experimentaly 2.498 eV) [27]. However, quali-
tative tendency of dissociative PES agrees with that of
full CI. Furthermore, ionic character of this system agree
with the qualitative speculation.

In this system, four electrons and six primitive basis set
functions are involved and the following two spin eigen-
functions are degenerated.

Oy = \/%{2041042&;/54 — a ooz fBa — Progos By

— a1 faf30u — Pronfsoy + 231 Paazou}, (20)
0, = %{041/32043& — Bragas By

— a1 P30 + Praofzoy}. (21)

Eq. (20) indicates the following electron couplings,
pairs of 2-4, 1-3 electrons, and pairs of 1-4, 2-3 electrons.
On the other hand, eq. (21) indicates the electron cou-
pling, pairs of 1-2, 3-4 electrons. As shown in Fig. 8,
electron 1 and 4 are the 1s orbital of Li slightly com-
bined with 1s orbital of H, and electron 2 and 3 mainly
attributes to the 1s orbital of H combined with the 1s of
Li. Hence, we can conclude that H negatively charged
and Li positively. Furthermore, the pairs of 1-2/3-4 elec-
trons indicate the interaction like a valence bond between
1s of Li and 1s of H but its spin configuration is always
inferior in the whole PES shown in Fig. 7. On the other
hand, the dominant spin configuration includes two elec-
tron coupling style. One is the pairs of 1-4 and 2-3, which
clearly indicate the interaction within 1s of Li and 1s of
H respectively. The other is the pairs of 1-3 and 2-4,
which indicate valence bond like interaction between H™
and Lit. Therefore, we can conclude that not only ionic
but also valence bond interaction also contribute the sta-
bilization of the HLi system, which is widely believed as
a representative ionic interaction system.

V. CONCLUSION

In this work, the augmented Lagrangian method is
employed to optimize the orbital coefficients and spin-
coupling coefficients of the spin-coupled wave function
(SCWF) for its energy. The application of the SCWF
to compute dissociative PES of Hy, H5, Hes, and HLi
shows that the PESs qualitatively close to those of the
full-CI level without depending on the nature of (ho-
molytic/heterolytic) dissociation. Therefore, we can con-
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computed by full-CI and SCWF (top). Relative energies are
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eq. (20) and (21) respectively.
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FIG. 8. non-orthogonal orbitals for electron 1, 2, 3, and 3 of
HLi at which internuclear distance is 1.6 A.

clude that the augmented Lagrangian method is effec-
tive to optimize the energy of SCWF. However, quanti-
tative structure at the minimum of each system did not
agree with those at the full-CI level or experimental re-
sults. Particularly, as shown in H;, even for SCWF,
it is impossible to avoid the symmetry breaking that is
also a formidable problem for any molecular orbital based
method. This means that SCWF would also need the
state average method to avoid this problem.

Unfortunately, the SCWEF presented here is not for
quantitative discussion. For quantitative discussion,
SCWF probably requires suitable basis sets. At the
present study, we did not check basis set dependence be-
cause of heavy computational cost. Our current code
requires 1.4 hours to compute the SCWF energy by op-
timizing 24 orbital coefficients and 2 spin-coupling coef-
ficients because the processes of constructing spin eigen-
fucntion and counting electron pairs are time consuming.
Developing applicable SCWF algorithm to more large
system is our future work.

Because SCWF includes spin eigenfunctions that have
information about the electron coupling, SCWF makes
it possible to discuss the qualitative chemical reaction
process and the electronic structure at equilibrium from
the different viewpoint of molecular orbital methods. Al-
though the spin eigenfunction does not involve the energy
of a molecule directly, it is important to describe chemi-
cal reactions and magnetic systems [10]. Recent several
computation models for complex material systems like
Li-ion batteries interface SumitaPolymer, oxidation on
GaN surface systems [28] indicate the importance of the
treatment of spin state in the computational model. Ad-
ditionally, correct treatment of spin state is of importance
to analyze the systems that include singlet and triplet
oxygen molecules and singlet diradical systems [29, 30].
Therefore, the methods that ensure a spin eigen state of
target systems, like SCWF as shown in this study and
CASSCEF [6] would become important.
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