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Abstract

A theoretical framework for understanding molecular structures is crucial for the de-
velopment of new technologies such as catalysts or solar cells. Apart from electronic
excitations energies however, only spectroscopic properties of molecules consisting of
lighter elements can be computationally described at high level of theory today, since
heavy elements require a relativistic framework and most methods have only been de-
rived in a non-relativistic one so far. Important new technologies like the above men-
tioned require molecules that contain heavier elements and hence there is a great need

for the development of relativistic computational methods at higher level of accuracy.
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Here, the Second-Order-Polarization-Propagator-Approximation (SOPPA), which has
proven very successful in the non-relativistic case, is adapted to a relativistic frame-
work. The equations for SOPPA are presented in their most general form, i.e., in a
non-canonical spin-orbital basis, which can be reduced to the canonical case, and the
expressions needed for a relativistic four-component SOPPA are obtained. The equa-
tions are one-index transformed, giving more compact expressions that correspond to
those already available for the four-component RPA. The equations are ready for im-
plementation in a four-component quantum chemistry program, which will allow both
linear response properties and excitation energies to be calculated relativistically at

the SOPPA level.

Introduction

The development of new and better technologies requires a thorough understanding of the
molecules, whose properties one wishes to exploit. Such an understanding is greatly reliant
on understanding molecular electronic structures, which various spectroscopic methods can
explore. Unfortunately, interpretation of the experimental data is not always straightfor-
ward. Often the extraction of information relies heavily on empirical models, the viability of
which is limited to classes of molecules that can be assumed to show similar properties when
elements of the same types are found in similar environments. This method becomes unre-
liable when molecules with very different structures are investigated, which is the case for
e.g., metalloproteins! . Here, theoretical approaches are needed for reference spectra, which
naturally necessitates accurate, yet computationally feasible methods. Spectroscopic param-
eters can be determined using linear response theory, where the parameters are calculated
from the response of a system to a perturbation by an external electromagnetic field. Many
approaches based on the non-relativistic electronic Schrodinger equation, where the speed of
light is assumed infinite and where the electrons are thus considered non-relativistically, ex-

ist for lighter atoms. Especially the Second-Order-Polarization-Propagator-Approximation
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(SOPPA)® has proven very useful, as it yields results in good agreement with experiment,
while being computationally less demanding than the high-accuracy Coupled Cluster (CC)
methods®. For larger systems of more than roughly 30 atoms or 800 basis functions, how-
ever, even SOPPA can be rather time consuming, wherefore cheaper, but also less reliable
alternatives are available such as RPA™® RPA(D)? !, HRPA'? and HRPA(D)?!. In addi-
tion to the abovementioned methods, a range of TDDFT methods are also available!®. For
TDDEFT, however, it is difficult to predict the reliability of a method outside of a certain set
of molecules and properties for which a given functional has been optimized .

Two other second-order-methods have been formulated and implemented for non-relativistic
calculations of excitation energies or linear response properties: ADC(2)!%16 and CC21'7.
For non-relativistic calculations of excitation energies and polarizabilities the performance
of these three methods and their implementations has frequently been compared.'®23 In con-
trast, for spin-spin couplings, only two comparisons for small inorganic molecules have been
published so far: one between SOPPA and CC22* and one between SOPPA and ADC(2),%
in which also the first non-relativistic implementation of ADC(2) for spin-spin coupling con-
stants was presented.

For heavy elements the available methods based on the Schrodinger equation often be-
come insufficient. Heavy elements are interesting both as central components in catalysts?6:27
as well as solar cells?® and as highly toxic pollutants that need to be removed from the envi-
ronment??. Due to larger nuclear charges, electrons close to the nucleus can move at speeds
close to that of light, giving rise to relativistic effects such as spin-orbit coupling, the Dar-
win term (from a relativistic fluctuation of an electron about its mean position®’), and the
mass-velocity correction, which can all severely affect spectroscopic properties. Effects on
NMR parameters, for instance, can already be observed for the third period of the periodic
table332. For one-bond couplings between Se and other elements, the relativistic correc-
tions were estimated to constitute 10%—60% of the total indirect nuclear spin-spin coupling

constant3%33 and for the Se-Se coupling the effect was 170% due to a wrong sign from the
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non-relativistic calculation, which demonstrates that performing such calculations at a non-
relativistic level of theory makes no sense®’. Similarly, relativistic effects have been estimated
to constitute approximately 15% of the total indirect spin-spin coupling constants between
Te and H3*. A popular approach for the calculations of coupling constants is thus to amend
non-relativistic SOPPA calculations with relativistic corrections obtained from 4-component
TDDFT calculations®?:3334. The fairly large contribution from relativistic effects indicated
by this mixture of methods, however, implies the need for a 4-component version of SOPPA.
By using methods based on the Dirac equation (relativistic methods), relativistic effects can
be included. In principle one can derive the same methods in the relativistic framework as in
the non-relativistic one. This, however, requires equations to be given in a spin-orbital basis,
as spin is included in the relativistic Hamiltonian and therefore cannot be integrated out of
the equations. Due to the increased computational costs, the number of available methods
is rather limited. So far, only RPA, which is merely time-dependent Hartree-Fock (TD-HF),
as well as TDDFT methods are available for fully relativistic calculations of general linear

35738 " although more four-component methods exist for calculations of

response properties
excitation energies: ADC(2)%%1" and equation-of-motion CCSD*!. The available RPA is, at
least in its non-relativistic form, considered inadequate, as it includes little electron corre-
lation and is prone to triplet instabilities, wherefore it is also likely to be insufficient in the
relativistic case. The relativistic ADC(2) may be reformulated and implemented to allow
for the calculation of general linear response properties.

In this article the equations needed for a four-component SOPPA are presented. As
SOPPA has proven very useful in the non-relativistic case®, in particular for NMR proper-
ties we expect it to prove equally powerful and relevant under relativistic conditions. This
article starts by briefly introducing the reader to the linear response equations as well as to
the equations needed for the determination of excitation energies. Then follows a section

devoted to the derivation of the SOPPA equations in the non-canonical spin-orbital basis

applicable to both non-relativistic, two-component, and full four-component implementa-
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tions. The third section discusses suitable strategies for reducing computational costs of an
implementation of these equations in a relativistic code. The linear transformation of trial
vectors as well as the one-index transformation of the equations needed for computationally
efficient implementation of SOPPA are presented in the fourth section. Finally, the fifth

section outlines a possible approach for an implementation of the equations.

1 Theory

1.1 Linear Response Theory

Linear response properties are defined by the perturbation expansion of the expectation value
of a property, P. For a system perturbed by a time-dependent field, F(t'), with components

Fps(t'), this expansion is*?

(Wo(t, F) | P Wo(t, ) = (¥ | P W)+ [~ &SP OYE DT+ ()

In the above, |Wy) denotes the time-independent and unperturbed field-free reference state,
while [Ty (¢, F)) is the time-dependent and perturbed wavefunction. Furthermore, P is the
operator representing the given property, while >4 ngg(t’ ) is the first order correction to
the field-free Hamiltonian, Hy, representing the interaction of the molecule with the field 2.
Eq. (1) is however, formulated in the interaction picture, where the operators, and not the
unperturbed wavefunction, carry the time-dependence??, and hence , the operator Og has
been rewritten as éé(t/ —t).

The linear response of the property, P, is defined as the second-term on the right hand side
of Eq. (1), i.e., the term linear in the perturbing field, and the quantity ((P; éé(t’ —t))) is
called the linear response function or the polarization propagator, here shown in the time
domain.

Expressions for the linear response function can be derived in numerous ways. One intuitive
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way of carrying out this derivation is presented by Olsen et al.*3%* as well as by Fuchs et al.*’
Note that the expression is transformed from the time- to the frequency domain in order to
obtain results in the same domain as the experimental data. Using this approach one finds
that the linear response function of the operators P and O can be written in the compact

matrix form in atomic units (see e.g., Chapter 7 in Ref. [42]),
((P;0)) = T(P)" (wS - E)" T(0) (2)
with the matrix elements of the molecular Hessian, E, and the overlap matrix, S,

Ey = (Vo [h [Ho, hy)| | Wo) (3)
Vol [h

) | o) (4)

and the property gradient vectors,

TP = (¥ | [P.R"] | o) )

T(O) = (‘1’0 ’ [ﬁ, O] | ‘I’0> (6)

We note that the two property gradient vectors in Egs. (5) and (6) have the same form.
Here, h denotes the vector of excitation operators containing all possible excitations and
de-excitations.

The expression in Eq. (2) is generally solved not by evaluating the inverse of E — wS but by

first iteratively solving the inhomogeneous system of equations,

(WS —E)X = T(0) (7)
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for the solution vector X and then determining <(ﬁ, O>)w as the product of the property
gradient, T(P), and X.
In polarization propagator theory excitation energies are determined by finding the poles of

((P;0)),. This is done by considering the homogeneous problem rather than the inhomo-

geneous one, namely

EX = wSX (8)

The excitation energies can then be found as the eigenvalues, w, of the problem. As can be
seen in Eqgs. (7) and (8), the molecular Hessian, E, and the overlap matrix, S, are needed for
both the linear response properties and the excitation energies, while the property gradient
vectors, T, are only required when determining linear response properties or transition dipole
moments.

For practical purposes, Eqgs. (7) and (8) cannot be solved exactly. The wavefunction, for
instance, must be truncated and not all excitations can be included. In the Second-Order-
Polarization-Propagator-Approximation (SOPPA)® only single and double excitation and
de-excitation operators are considered. In addition, the wavefunction is truncated at second
order in perturbation theory and so the second-order Mgller-Plesset (MP2) wavefunction,
| UMP2) is chosen as the reference state, |¥y). It turns out that the E and S matrix elements
that include the second-order contribution to the wavefunction are zero. Hence, only the
MP-wavefunction truncated at first order (MP1) is actually needed for the E and S matrix
elements, while the single excitation part of the MP2-wavefunction is needed for the elements

of the property gradient vectors, T. This gives rise to a linear response function of the



following form

(P: 0™ = (om(p

)T(0,2) dT(]S

)T(O,Q) CCT(?

)T(l) ddT(p)T(n)

°X
X
CCX
ddX

Here, the left superscripts label the different parts of the vectors corresponding to single

(de-)excitations, e (d), and double (de-)excitations, ee (dd). The inhomogeneous system of

equations given in Eq. (7) becomes:

Publishing

AlP

A(0’1’2)

B(l,Q)*

B(1:2) C(l) 0 eX
A0L2x o &b dx
0 DO o X
= 0 DO ddy

(10)
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with elements

AD? = (UMY [, [Ho, ] | @M1 (11)

Sl = (MY [Gar, [Ho, Gyy)] | 9P (12)
Cliner = (M| [ahaly, (o, d]] | 9MPHO (13)
Cotlainy = (UM | [dly, [Ho, daidhy]] | WMPHO (14)
DSk = (M| [ahaly, [Ho, erdar)] | @O (15)
SO0 = (UMY [, g] | @M © (16)
(PSP = oT(P)5P = (WM | [P, gl,] | gMF2)O (17)
dT<é)gz,2)* _ CT<O)$,2) _ <\I/MP2 | [@m,é] | \I/MP2>(O,2) (18)
WP = T(P)5,; = (WMP2 | [P, glig);) | oM7) (19)
UTO0) = <T(0)sin; = (U2 | [Guidsy, O] | ¥MFHD) (20)

where qu”; and ¢,; are single excitation and de-excitation operators that move an electron
from an occupied orbital i to a virtual orbital a and vice versa, respectively. Following a
common convention of electronic structure theory, orbitals with indices 4, j, k, [, m, and n
denote orbitals occupied in the Hartree-Fock wavefunction, while orbitals a, b, ¢, d, e, and
f are unoccupied. The right superscripts, (...), denote the order of the matrix and vector

elements in Mgller-Plesset perturbation theory.

1.2 Relativistic considerations

The expressions given in Section 1.1 are valid in both the relativistic as well as in the non-
relativistic framework, as can be seen from the generic form of the Hamiltonian in second

quantization:

H= Zh Jbag + = ngqrsa alasa (21)

pqrs
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where hp, and gpqs are one- and two-electron integrals, respectively, and &;f, is a creation
operator that creates an electron in spin-orbital/spinor p, while @, is an annihilation operator
that removes an electron from spin-orbital /spinor gq. Together they constitute an excitation

(or de-excitation) operator, ¢ d;&q (or 4oy = dg&p). The indices p, ¢, 7, s, ... denote

pg —
general orbitals that may be both occupied or virtual.

In contrast to the non-relativistic Hamiltonian, however, the relativistic Hamiltonian is a
4 x 4 matrix for each one-electron term and a 16 x 16 for each two-electron term. Hence,
in the relativistic case, the one-electron wavefunction must be replaced by a spinor, i.e., the

description of an orbital must now incorporate spin-orbit coupling. In the fully relativistic

case, this spinor is a four-component vector

0= (6 %) = (lrey who) sy sy (2)

The first two components on the RHS of Eq. (22) are known as the upper or large components

and are therefore labelled L, while the other two components are known as the lower or small

components, wherefore they are labelled S. Finally, o and 3 refer to the spin of the electron.*6

For systems of more than one electron, the many-electron wavefunction must be considered.
The latter is written as a direct product of one-electron spinors and thus, for example, a

two-electron wavefunction takes the form*’

I L B e e B L T O [ B
LAy LB\, Lo LB\, L8 LB\, LB\ (,/,S:8
W) 1) ) — rsz ) | rsz ) ; ) rsz >r¢i5> rsz >r¢,; ) |ij WZB
S I T e g N L i W
057 - 1) e T N 1 1 W 1 e W

Hence, an N-electron wavefunction will have the dimension 4 x 4.
Also note that the expressions given in Section 1.1 as well as in the following are not only gen-

eral with respect to the choice of the wavefunction and Hamiltonian, but also with respect to

10
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the operators, P and O, which have generic forms in second quantization as the Hamiltonian
in Eq. (21). In the relativistic case one might therefore use the same equations regardless
of whether the electron-electron interaction term is the simple Coulomb interaction or if it
contains either the Breit- or Gaunt-interaction terms, which are corrections accounting for
the retardation effect, arising from the finite speed of light.

Note that not only eigenstates with positive energies that correspond to electronic-electronic
orbital rotations are obtained from solving the Dirac equation but also eigenstates with
negative energies that correspond to electronic-positronic orbital rotations. To permit the
usage of variational methods that minimise the electronic energy, it might therefore be nec-
essary to invoke the no-pair approximation where all states corresponding to eigenstates
with negative energies are projected out?. An alternative to this approach is utilizing the
minimax principle, where the energy is minimized with respect to the large component and

maximized with respect to the small component?®

. The latter approach is utilized in, for
instance, the relativistic DIRAC code®’. It is useful because these eigenstates with negative
energies are required for a correct description of several properties. Among them are dia-
magnetic contributions to linear response properties such as NMR coupling constants®®. It
has been found that it is sufficient, at least for couplings between lighter elements, to ap-
proximate the diamagnetic contribution to these NMR coupling constants by non-relativistic
expressions®’5!. Discrepancies between results obtained with these approximations and fully
relativistic methods are, however, seen when heavier elements are involved®. Another de-
scription of the diamagnetic term was proposed by Kutzelnigg®®, who added a relativis-
tic term to the non-relativistic expression. Once again, this expression is independent of
the eigenstates with negative energies. Whether one utilizes the no-pair approximation or
not, avoiding expressions that depend on negative energy eigenstates will reduce computa-
tional costs significantly. Note that if one invokes the no-pair approximation and projects
on the positive-energy states, as for example in the current relativistic ADC(2) implementa-

39,40

tions, one would be forced to always employ approximate expressions for the diamagnetic

11
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contributions.
Moreover, the restricted kinetic balance condition for the small component basis functions

5052 reflecting

should be extended for magnetic properties to the magnetic balance condition
that the canonical momentum operator is extended by the vector potential in the case of
magnetic interactions. In some cases one can alternatively employ unrestricted kinetically

balanced basis sets, although this might lead to problems with linear dependencies®.

2 Derivation of the SOPPA matrix elements in a non-
canonical spinor basis

The equations defining SOPPA in the non-relativistic framework® are well known and ex-
plicit expressions for them in terms of real canonical spatial orbitals can be found in many
works®42445354 = Although the starting point for the SOPPA equations is basically the same
in the relativistic framework, the final non-relativistic equations cannot be applied to the
relativistic case for several reasons. First of all, spin-symmetry was utilized from the start
in the derivation of the non-relativistic equations, which means that the final equations were
always presented in a spatial orbital basis. In the relativistic case, however, spin-symmetry
no longer exists and the equations must therefore be derived in a spinor basis. Secondly,
the matrix elements are always real-valued in the non-relativistic case, which was heavily
exploited in the derivation of the corresponding SOPPA equations. In contrast, the matrix
elements can become complex-valued in the relativistic scheme. Finally, the non-relativistic
SOPPA equations are expressed in terms of canonical orbitals, which turns out to be incon-
venient if one wants to analyse, e.g., magnetic properties in terms of localized orbitals®.

This work provides the first presentation of the SOPPA equations in their most general
form, i.e., in a non-canonical spin-orbital basis with explicit notation of complex conjuga-
tion. These equations can be used for a relativistic implementation of SOPPA. In addition,

they represent the most general version of the non-relativistic SOPPA equations, from which

12
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one can derive both the well known expressions in a canonical spatial orbital basis as well as
new SOPPA equations in a non-canonical spatial orbital basis or in the canonical spin-orbital
basis. Hence, a derivation of the equations in a spin-orbital basis with explicit notation of
complex conjugation can be used to solve relativistic as well as non-relativistic problems.
In the following section the derivation of the SOPPA equations in the above mentioned
form will be shown for both the matrix elements of the molecular Hessian and overlap matrix
and the elements of the property gradient vectors. These equations will be normalized where
appropriate and finally relations between MP-amplitudes and second order corrections to the

density matrix will be utilized in order to reduce the expressions.

2.1 Matrix elements

The matrix elements of the molecular Hessian matrix, E, and the overlap matrix, S, defined

in Egs. (11)—(16) for SOPPA can be determined by utilizing second quantization and the

following form of the operators and the second-order MP-wavefunction %

Hy = F+V (24)
F = pran&q Z(p|f|Q>&Laq (25)
pq
. 1
V == Z gpqma al lasa Z(pq|rs)&£&i& aq (26)
quS 2pq7’s
[UMP2)y - —10) + IMP1) 4 |[MP2) (27)
1 ATA AT A c
IMP1) = izaiaka;almﬁg (28)
cdkl
IMP2) = Y alag|oye; + ... (29)
ck

where the Hartree-Fock ground state wavefunction is denoted as |0). |[WMP?) refers to the
n’th-order Mgller-Plesset wavefunction, while |[MPn) refers to the n’th-order correction to
the Mgller-Plesset wavefunction, t$¢ is a MP1 double excitation amplitude, #¢ is a MP2 single

excitation amplitude. The matrix elements of the one-electron Fock operator f in the spin-

13
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orbital basis are f,, = (p| f |g) and (pq|rs) is a two electron integral of the appropriate two-
electron interaction operator, ‘7, in Mulliken notation. Note that only the single excitation
contribution to the second-order correction to the MP-wavefunction is explicitly shown, as
the remaining contributions do not lead to non-zero contributions to the SOPPA equations.
Using the above relations, the matrix elements in Eqgs. (11)—(20) can be evaluated to the
required order. The A% matrix can now be written as

ASY = (UMY Gar, [Ho, ]| [ WMPHOR2 — (0P g, [Ho, gj]] | WP © thi’tcd*

ai,bj

cdkl
re-normalization
= (0] [dois [, dl5]) 10)+ (0 | [dais [V, 851 1 0)
+ <o [ |dai> [V, @l5]] | MP1) + (MP1| [dos[F', ;]| | MP1)
<0| (Gai: [F,015]] 1 0) D tdtsd (30)

cdkl

re-normalization

where only the terms up to second order, which are non-zero, have been written out explicitly.
Observe, since the MP1- and MP2-wavefunctions given by Egs. (27)—(29) are not nor-

malized, it is necessary to add the effect of re-normalization to second order according to

MOL M2 ~ M(©1:2) Z t
N (0]0) + (MP1 | MP1)

cdkl
3
MS\?,LZ) _ M0’1’2 Z tzclltcd* (31)
cdkl
2nd-order

Since the norm of the first-order correction to the MP1-wavefuntion is already of second
order, only matrix elements (and later also elements of the property gradient vectors) with a
zeroth-order contribution need a correction term, and only if they have non-zero terms from
the MP1- or MP2-wavefunction. Hence, only the elements of the A®'? and (2 matrices

and later the elements of the single excitation part of the property gradient vectors need

14



re-normalization.
By insertion of Eqs. (25)—(29) into Eq. (30) and by evaluation of the integrals in second

quantization, the following re-normalized expression is obtained

all

o ata 1 ata a
Agg:;}?) :Z(O|[a aa,[;aqaa]]|O)qu+220|[a;ra [a

pq pqrs

N =

1 virt occ all
+ 32200 2 (0] |alaalafala.d,, ala,]| alasakar | 0)t5igprs
cd kl pqrs
1 virt occ all
6 2 2 > (0] afacalaa alds, [fa,. aa;)] alandan, | 0] 1, Lo
cdef klmn pqrs

1 all virt occ

— 1 22201 [alaa, [afag, alay)] | 0) futiitis

Pq cd ki
= fadij — fjidap + (ai | jb) — (ab | ji)
Oth-order 1st-order
+5ab2kd|]ct +5l]Zlb|kct
cdk ckl
+5 5ab Z th* f]k + 15@] Z th* (lzfcb
cdkl cdkl
bc* jac cd* d
5 Dt i fi 5 Dt ik fa (32)
ckl cdk
2nd-order

Likewise, the remaining matrix elements of the Hessian and overlap matrices can be evalu-
ated, which yields

B(1.’2? _ <\I/MP1 ’ [& i, 7[[:1'0’&;(&”} ’ \I/MP1>(O’1’2)

ai,bj

= (aj | bi) — (ai | bj)
1st-order

—i—Zkz]bc —i—Zlﬂ]ljt

—l—z ad]bctc‘i—kz (kc | bi)t§

—l—Zac]kjt +ch|ajt (33)
ck ck
2nd-order
15
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Clinen = (WM |afagalay, [Hy, afay)| | @MP1)OD

= e [(aj | ki) — (ai | k)] + Oac [(bi | kj) — (b | Ki)]

+0i [(bj | ac) — (be [ aj)] + djx [(be | ai) — (bi | ac)]

Clatuiny = (WM |akae, [Ho, afaialay]) | wMPHOD
— O [(ja | ik) — (ia | jK)]) + 0ac [(ib | jk) — (jb | ik)]

+0u [(5b | ca) = (cb | ja)] + 0 [(cb | ia) — (ib | ca)]

Dyrar = (WM | [alaaalan, [Ho, afarabal]] | 0O
= facOpd (03051 — 6:10;k) + focOad (0udjx — Oikdjr)

+ fadabe (905 — 0ik051) + foadae (Sindji — 6i1djk)

+ f10k (0acObd — ObcOad) + f170ik (ObcOad — OacOba)

+ f1i0j1 (ObcOad — OacOba) + fijdir (0acObd — Obcdad)

E$ﬁ§==<WMP1!hﬂdm&k%}|wMPngz
1 virt occ )
cd kl

re- normallzatlon

5waab += Ztkl 18+ = Zt“‘* %64

Oth order Ckl Cdk

2nd-order

2.2 Property gradients

16

(34)

(35)

(36)

(37)

Just as for the matrix elements of the E and S matrices, the elements of the property gradi-
ents must be evaluated through second order. Here, the MP2 single excitation amplitudes,

i, will be needed as well as the definitions of the property operators, P and O, as sums over



one electron operators, e.g., P = 3 Nelec p(i), in order to obtain the following,

R 1 virt occ
eT(P)((gz) _ <\IJMP2 | [ : m] | \IJMPQ (0,2) ZZ \I,MP2 | [P
cd ki

dh) | P Ot

’ (I’L

re-normalization

= (0] [P,ql) | 0) + (MP1 [ [P, i) | MP1)

+(MP2 | [P,ql] | 0) +(0 | [P.4l;] | MP2)

1 virt occ o e
- _ZZ 0 | P Qaz | 0>tk(li tk(li
cd Kkl
re-normalization
= (i[p|a)
————
Oth-order
D — s>t ple)
cdkl cdkl
+Y Aelplayty =D (i okt (38)
ck ck
2nd-order
R 1 virt occ .
T(O)fg’m _ <\IJMP2 | [Gus, ] | \I,MP2 (0,2) ZZ \I,MP2 | [Gurs ] | \I,MP2>(0)tZoll t?f
cd ki
re-normalization
= (alo]1)
————
Oth-order
T2 Z th th T2 Z th* tkl Z>
cdkl cdkl
+ > {alofept; =D (ko] (39)
c k
2nd-order
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For the double excitation part of the property gradients, the elements need to be evaluated

through first order#?

CCT(P)

aibj

)(1)

aibj

>

CCT(

only. Thus, solely the MP1-wavefunction is required.

<\IIMP1 ’ [P

1 Z (tbc

dlzél,]l P

ac* A 1
a) — tj; <C|p|b>)_z

k) =t (i [ D] k)
(40)

(i | p

_ <\IIMP1 ’ [qu@bj,O] ’ \IIMP1>(1)

42@” o 4WMM@%&;@%MMﬁ—%
(41)

2.3 Equations using second-order contributions to the density ma-

trix

Finally by using the following relations, which can all be derived from expressions given by

Publishing

AlP

e.g., Packer et al.®?,

P = 3 Lt (42)
cdk
2 a
Pgb) = Z %tkl (43)
ckl
P =1 (44)
) =t (45)
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the expressions for the matrix elements can be reduced to,

0,1,2 . . ..
Agi,bj ) = favdij — fjidap + (ai | jb) — (ab | ji)
Oth-order 1st-order

+0ap ) (kd | jo)tig + 0 Db | ke)ti

cdk ckl

—Bap > P fin — 63 08 b
l C

2 2
+pia fii + 93 fab (46)
2nd-order

Sun = 0igbar — pha O + 053 Oab )

ai,bj

Oth-order 2nd-order

“T(P)G? = (i|p|a)

+;p§?><z 17| a) —gpg?@' 19 c)

+;p£?><c 19| a)— gpﬁz@ |5 | k)

= (i|p|a)

2 (P41 pla)—=pQi|p]0))

+;(p§?><z Bl ay— 3 2 |ﬁ|l>> (48)
“TO)w? = (alo]|i)

+ ol o)y =3 pP(c|o]i)

l c

2 ~ 2 ~ .
+3 a0l ey =S plk |6 )
c k

= (alo]i)
+3 (Pa o] e) = ol 0 ]0))
+3- (pial o]0 o] 614) (49)
l

Note that the elements of the remaining matrices as well as the remaining elements of the

property gradient vectors given in Eqs. (40) and (41) cannot be further reduced using the
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above relations between the amplitudes and the second-order corrections to the density

matrix and hence these will not be repeated here.

3 Reduction of computational costs

Clearly, it is desirable to perform the calculation as fast and using as little memory as possi-
ble. Different ways of achieving this objective within a relativistic framework are discussed in
the following sections, including the use of relativistic symmetries and solving the equations

in a reduced vector space.

3.1 Kramers Pairs

A convenient way of saving computer resources is utilizing Kramers Pairs. In relativistic
quantum chemistry spin-symmetry is broken due to spin-orbit coupling. Instead, it is re-
placed by time-reversal symmetry in the absence of external magnetic fields and in the case

where the external field is considered as a perturbation’

. It was introduced by Kramers
in 1930°7, where he proved that each fermionic state is doubly degenerate, i.e., fermions
come in Kramers pairs?6. The spinors of two such fermions are related through the Kramers

time-reversal symmetry operator IC,

Klp) = |5 and  Klg) = —[v,) (50)

K2p) = —|1hy) (51)

where the time-reversal operator is defined as
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A

and K, performs complex conjugation. Thus, if the time-reversal symmetry operator, K,

works on a scalar, the effect is simply complex conjugation. Hence, for a matrix element €2,

A

K =K{p|2]a)= (|27 =t |Q|7) =t (53)

where |¢) = [¢,) and t = 1 if 0 is symmetric with respect to time-reversal symmetry and

t = —1 if it is antisymmetric. As 2, is a scalar, we also know that
KQy =, (54)
Likewise,
R, =K1 Q1 a) =~ Q) =t | Q| 7) = —1953 (55)

In general, if the time-reversal symmetry, ¢, of the operator, €2, is known and a Kramers
paired basis is used, the matrix representation of the operator () can be written in the
simplified block structure of Eq. (56) by utilizing Eqs. (53)-(55).

Q,y X Y

— (56)

Q, o —tY* X*

In the above matrix, spinors are ordered with all indices p first, then followed by all Kramers
partners, indices p. Each block of the matrix is denoted as €2, containing all elements €2,,.

In addition,

Xpo = (0| Q| ) = Oy = 10 = X, (57)

Yoo = (0| Q1) = Qg = —t5, = —tY}; (58)
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Thus, the number of unique matrix elements is reduced by a factor of two, as the elements
of the upper segment are connected to those of the lower segment.
The above can obviously be applied to the elements of the property gradients, but it can

likewise be used to connect the matrix elements of the Hessian and overlap matrices, e.g.,

(0,1,2) _ 4(0,1,2)"
Ay = A5

3.2 Hermiticity

Following the implementation by Saue and Jensen for RPA to further reduce the demands
on computational resources, we can consider the hermiticity of an operator (this is also

exploited in the non-relativistic framework)

Q= (0| Q] )" = (|2 |p) =hlg| Q] p) =y, (59)
where h = 1 for a hermitian operator and h = —1 for an antihermitian operator. We can
now write

Qpg = 10 = hQl,, = thQlgp (60)

and it is clear that the number of unique matrix elements has been reduced by a factor of
four. Note that, as we usually order all vectors as well as matrices in blocks of excitations and
de-excitations, the above relation from hermiticity connects the excitation and de-excitation
segments, whereas the time-reversal symmetry connects elements within each of the (de-
)excitation blocks shown in Eq. (56).

A vector consisting of an excitation and a de-excitation part now takes the form

Ui (hy,t1) = Via) (61)

haV(t)*
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The product of two such vectors can be split into three cases:

o If hihy = —tyts, the product is zero.
o If hihy = t1ty = 1, the product is real.
o If hihy = t1ts = —1, the product is imaginary.

In general, property operators are hermitian and so the form of the property gradient vector

simplifies to

3.3 Quaternion algebra

A practical way of realizing the reduced dimension of the problem at hand is utilizing quater-
nion algebra (the same reductions have also been obtained in an alternative way by, e.g.,
Visscher®®). Quaternion algebra is defined similarly to complex algebra. Like a complex
number, a quaternion number, (), can be defined as having four rather than two components

in the following way:

Q=a+ib+jc+kd (63)

where a, b, ¢, and d are real numbers, whereas 1, j, and k are all imaginary phases. An
advantage of quaternion compared to complex algebra is that no imaginary component is
singled out, corresponding to choosing a particular axis such as the z-axis along which the
spin is quantized.®® In quaternion algebra all imaginary phases are equivalent and can be
cyclically permuted. Thus, the imaginary phase in a complex number can be identified as
any of the imaginary phases of the quaternion number. Finally, the three imaginary phases

in quaternion algebra can be identified as the complex imaginary phase multiplied with one
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of the Pauli spin matrices®

I — o, (64)
] — o, (65)
k— io, (66)

All integrals over complex orbitals can be written in quaternion form using Kramers part-

ners®

Upa) | = (R(pa) | +(S(pq) | i+ R(pg) |+ (S(pa) | E (67)
Upg|rs) = [(R(pa) | +(Spa) |1+ (Rp) | 5+ (S(pa) | k]

| R(rs)+ | S(rs))it | R(rs))j+ | S(r8))]
= [(R(pq) | R(rs)) — (S(pa) | S(rs)) — (R(p@) | R(r5)) — (3(pa) | 3(r5))
+ [(R(pa) | S(rs)) + (3(pa) | R(rs)) + (R(p) | 3(r5)) — (3(pq) | R(rs))]d
+ [(R(pa) | R(r5)) + (3(pa) | S(r5)) + (R(p@) | R(rs)) — (S(pa) | S(rs))]

+ [(R(pg) | 3(rs)) + (S(pg) | R(rs)) = (R(pg) | S(rs)) + (3(pg) | 3(rs))] k

2%

In the above, the superscript @) signifies that the number is in quaternion form and R(pq)
and J(pq) are the real and imaginary parts of a charge distribution in orbitals p and ¢, re-
spectively. One electron integrals are integrals over one charge distribution and can therefore
be written in quaternion form equivalent to Eq. (67), while two-electron integrals as shown
in Eq. (68) are integrals over two charge distributions and can be written in the quaternion
form given above. So far, the integrals are just reordered compared to a complex form, but
the quaternion form can now be used to reduce the number of needed integrals if symmetry
is also considered.

In non-relativistic chemistry symmetry is described by utilizing (single) point groups,
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but as these do not include spin, they are generally not sufficient in relativistic quantum
chemistry. An additional symmetry operation must be added, as the identity operation now
refers to a 47 rotation. A 27 rotation results in a change of sign for fermions, while it leaves
bosonic wavefunctions unchanged.*” Point groups including this new identity are referred
to as double groups, since they can be found as direct products of the single point groups
and a group consisting of the 47 and 27 rotations. Note that the irreducible representations
(irreps) that describe bosons are equivalent to the single point group irreps.

Systems that contain an even number of fermions can be approximated as bosonic, which can
reduce the number of matrices that need to be stored. A (single) point group, for example,
that contains several rotation axes or mirror planes, e.g., Cy,, will have many distinguishable
ways of rotating the orbitals due to many irreps and hence there are no equivalent axes, which
then reduces the quaternion problem to a real one. Thus, it is only necessary to store the
first four of the sixteen integral contributions presented in Eq. (68)%! as opposed to eight in
the complex case (here the third line of contributions in Eq. (68) would also need storing). If,
however, the point group contains only one rotation axis or one mirror plane, e.g., Cg, it will
have one “special” axis, which introduces the need for an imaginary component. Hence, the
problem becomes complex and the first eight of the integral contributions in Eq. (68) must
be stored, as opposed to all in the complex formalism. Finally, for a point group containing
no rotation axis or plane, i.e., Cq, all orbitals must transform as the same irrep and hence
all orbital rotations are equivalent. Thus, three equivalent axes are needed, which means
the problem cannot be reduced from quaternion form and so all sixteen contributions to
the two-electron integrals must be stored. For one-electron integrals, one, two, or all four
contributions must be stored for the three symmetry types, respectively, when the quaternion

form is utilized.
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3.4 Solving the SOPPA equations in a reduced space
3.4.1 Expansion in a set of trial vectors

In relativistic as well as non-relativistic theory, the E and S matrices are often too large to
be explicitly calculated and stored. Neither the inhomogeneous problem in Eq. (7) nor the
eigenvalue problem in Eq. (8) can be solved explicitly using these matrices. Instead, one

expands the unknown solution- or eigenvector, X, in a set of trial vectors, b;,%
i

with ¢; being expansion coefficients.

Hence, one can rewrite the inhomogeneous set of equations,

(wS —E)c = T(0) (70)
as well as the homogeneous set of equations,
Ec = wSc (71)

where in both cases only the reduced matrices need to be stored,

E = R'ER =Rleo (72)
S = R'SR=R'r (73)
T(O) = RIT(0) (74)

In Egs. (72)—(74), R is a matrix with the trial vectors, b;, as its columns.
In addition to the reduction in the required memory, for the most costly part, the B®
contribution, the cost is significantly reduced from N¢ to N°.%3

For an additional reduction of the required computational resources, it is convenient to
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rewrite the trial vector in the form of Eq. (61). From Eq. (2), the solution vector can be

found to take the form?®®,

X(w) = (75)
Y*
Y

X (~w) = (76)
Z*

By employing a linear combination of solution vectors for +w, a vector of the desired structure
can be constructed. The effect of the E and S matrices on the solution vector and hence
on the trial vectors can now be investigated. It turns out that both the E and S matrices
conserve time-reversal symmetry, but while the E matrix also conserves hermiticity, the S
matrix reverses it.?® Thus, the E matrix couples trial vectors of same hermiticity, while the

S matrix couples trial vectors of opposite hermiticity.

3.4.2 o and T vectors using one-index transformed matrix elements

For the implementation of either a relativistic or a completely general complex non-relativistic
SOPPA, the reduced matrices in Egs. (72) and (73) must be determined, since the full Hes-
sian and overlap matrices are never explicitly constructed. Particularly, the o and T vectors,
defined in Egs. (72) and (73), are of interest, as the construction of the reduced matrices from
those are trivial®545¢, As noted by Saue and Jensen®®, the RPA o vector can be rewritten
using one-index transformed integrals. The one-index transformation is a convenient way
of simplifying the equations, which not only reduces the number of terms written, but also
naturally splits the equations in terms that can be implemented separately, which has also
been utilized previously with advantage for the SOPPA equations in the spatial orbital ba-
sis?3%*. The present new non-canonical equations in the spin-orbital basis will therefore also
be one-index transformed and final SOPPA equations in the reduced space are obtained.

The generalized form of the o vector is shown below. The trial vectors can be given the

27



AlP

Publishing

form b” = (°b, b, *°b,¥b) = (°b,°b*, “b,*b*), where °b and b refer to the single and
double excitation parts of the vector, respectively, due to the conservation of hermiticity by
the Hessian®®. The trial vector matrix can then be written as R” = (°R, °R*, *R, “R").

Here, it should be mentioned that the matrices °R and R are not (usually) quadratic. We

thus get
o A©1L2eR 1 BU2eR* 4 C(l)ccR °q
ey C(1)0R+ D(O)CCR ce oy
. e (77)
o | [ACD R BUDR 4 ¢V R | | 0o
ddo. C(l)*eR* + D(O)*CQR* ce g

Note that in order to obtain solution vectors of the form given in Egs. (75) and (76), the
blocks of the spinors and matrices and thus also the o vectors have been reordered.
From the blocks of the o vector in Eq. (77) it can be seen that it is necessary to evaluate
only

e — AOL2eR 1 BU2eR* 4 C(l)ecR

and

ey C(l)cR + D(O)CCR

Equivalently, the elements of the 7 vector can be determined, but since the overlap matrix
reverses hermiticity, the 7 vector will be antihermitian rather than hermitian®°.
For the sake of readability of the equations it is now convenient to split up the expressions of

the single and double excitation parts of the o vector. The full single- and double excitation

parts of the o vector will furthermore be labelled with a “SOPPA” supersrcipt.

eo,SOPPA — eo,RPA + eo,2nd + eo_double (78)
eeo,SOPPA — eeo,smgle + eeo,double (79)
28



with

cgRPA _ A(0DeR | B)eRs (80)

cg2nd  _ AQeR L BReR* (81)
egdouble  _ dMee (82)
cegsingle _ (eR (83)
ce pdouble  _ y(0)ee R (84)

Note that °o®PA is the o vector presented for the RPA calculation®® and ¢g®PA + ¢g?d s
the o vector needed for an HRPA calculation.

The terms of the single excitation part of the o vector can thus be written as follows,

¢ RPA Z Aaz ,bj Cb + Z Bzm ,bj Cbbg

Z fab(Sz] bbj Z széab bbj + Z ai | jb bbj Z(ab | ]Z) ebbj

bj

+Z aj | bi) by — > _(ai | bj) n (85)

bj
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o = ZAM bj bj + ZBM bj Dbj
= Z Jab Zd;; (kd | je)tie by; + ; 8ij %(zb | k)t oy,
c i c
+ ; ab ; pifi byj — bz 8ij > Peales “buj
j j c
+ Z Poafji by + Z Pij fab bo;

—i—ZZ (ki | be) tmc Jb+zz (ik | 1) tb“b]b

bj ck bj Kkl
+3 "> (ad | be)td b + >0 (ke | bi)te °b;
bj cd bj ck
+ZZ(CLC | kj) tz‘jeb b+zz (ke | aj) tbceb]b
bj ck bj ck
= (k| et by + 0 (Wb | ket b
j cdk b ckl

+ Z Z pit fit “baj — Z Z Peafeh b
+Zpbafﬂ bb] +szjfab bbj
+ZZ (ad | be tcd6b3b+zz ke | bi)ts b,

bj cd bj ck

+> > (ad | be) thebH-ZZ ke | bi)tl; °b;

bj cd by ck

+2 D (ac | ki)t oy + 32 > (ke | ag)tiy b (86)

bj ck bj ck

e _double __ ~(1) ee
Oai - ani,ckdl bck’dl

cdkl
= deléda [(le | ki) — (ke | 10)] “begar + dzkl% [(kd | i) — (Id | ki)] “berar

+ %% [(Id | ac) — (ad | Ic)] “begar + %511 [(ad | ke) = (kd | ac)] “berar
= % [(le | ki) = (ke | 10)] [*bekar + “Datcr]

+Zd]; [(kd | ac) — (ad | k)] [*beiar, + “Daei] (87)
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ee smglc
0 aibj J

ee _double
O gibj

e
Z azb] ck bCk

- zkjcsbc (aj | ki) — (ai | kj)] “bes +2k;6ac [(bi | kj) — (b | Kki)] e

+ Zk; 0ir: [(bJ | ac) = (be | aj)] “bex + zk: dr [(be | az) — (bi | ac)] “bex

= Z (aj | ki) — (ai | kj)] b —i—Z [(bi | kj) — (bg | Kki)] bax

+Z (bj | ac) = (be | aj)] ®be + > [(be | ai) — (bi | ac)] °be;

= Z Dé?z))j,ckdzeebckdl
chdl
= > faeOba (00 — 006) “bekar + > foeOaa (6uik — 0ikdj1) “bear
chdl chdl
+ 3 fadObe (065 — 0in01) “bekar + > foa0ac (dirdjt — 0adjn) “berar
chdl chdl
+ Z fli(sjk <5ac(5bd - (Sbc(sad) CCbckcll + Z flj(sik (6bc(5ad - 5ac(5bd) chckdl
cledl cledl
+ 3 fwibj1 (0be0ad — GacOba) “bekar + Y frj0it (JacOba — ObcOad) “bekar
cledl chedl

= Z fac [eebcibj - eebcjbi + eebbjci - eebbicj]
+ Z fbc [eebcjai - eebciaj + eebaicj - eebajci]
+ Z Tri [%bajor — “Objar + “boka; — “bakiy]

+kag [“Obiak — “baivk + “bakbi — “bbkail
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Introducing the one-index transformed Fock matrices and two-electron integrals®3-6!,

E, = zt:ebpt ftq—zt:ebtq fpt] (90)
- Fﬁq Fp(i
175) = | Sehalon | 15) ~ S ehalro rs>] (o1)
_ (Pglrs) (pq|rs)
Goars = (pg | 7s) = (91| rs) + (pq | 75) (92)
G = (0 1 73) = Seb(oi |10+ oy o) | (93)
]
(pjliq) (pjliq)

Eq. (85) can be rewritten as

‘OB = —Fy+ Y (ai | )~ Yo(a] | 5i)

3 |51) - S(ai | )
= _Fai - éai
- - (Fai + ~a7j) (94)

Which is the already known RPA o vector. Likewise, the other terms of the single excitation

part of the SOPPA o vector can be written as:
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o2 = >"(kd | ac)tly + > (li | ke)tis
cdk ckl
+ ZPilel - ZPcaFcz
+Zpbanz+Zpl] aj
+ZZ kz]yct%%—zz ki | 1b)tbe
—i—sz: ad|]ct6d~l—zz ke | ji)te i
i «c

+3" 3 (ac | kb tbc—l-zz ke | ab)tbe
b ck

A reordering of terms followed by a relabelling of the summation indices yields,

“oat = D _(ac| kd)t; — > (ac | kd)ty;

cdk cdk

+3 (ac| kd)tid =3 (ac | kd)ti
cdk cdk

+ D (ke | Lty — > (ke | L)ty
ckl ckl

+ (ke | i)t =S (ke | i)t
ckl ckl

+ > puFa = paF,;
l l
- Z pcaFEi - chaFci

-> (@@ | kd) + (ac | kd)] 152

+Z[ ke | 1i) kc]lz)} to
ckl

+5 Zt tfldﬁak‘i_zpcaﬁci

cdkl

=" Gackatis + > Graitiy
cdk ckl

=+ Zpilﬁal + chaﬁci
1 c
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The remaining term of the single excitation part of the o vector in Eq. (87) cannot be
written in a one-index transformed way and will therefore not be repeated here. The double

excitation part of the o vector takes the following form when one index transformed,

o€ = (aj | bi) — (ai | bj) + (bi | aj) — (bj | ai)
+(bj | at) — (bi | aj) + (bj | ai) — (bi | aj)

= Jajbi — Gaibj (97)

The last term of the double excitation part of the o vector in Eq. (89) cannot be expressed
in one-index transformed quantities either and hence cannot be further reduced. The single

excitation part of the 7 vector, however, can be one-index transformed and is found to be,
2 2
“Ta T = bai = D pha b+ D 0l by (98)
b J

Eq. (98) is identical in form to the expression obtained in the non-relativistic case with only
spatial orbitals®®. Due to the fact that the diagonal blocks of the double excitation part are
actually + identity matrices, the double excitation part of the T vector simply corresponds
to the elements of the double excitation part of the trial vector matrix,

CCTsi(l?jPPA — Cebaibj (99)
The expressions for the property gradients were already presented in Egs. (40), (41), (48), and
(49) and will not be repeated here, as they cannot be rewritten in a one-index transformed
form.

Thus, the equations needed for a relativistic SOPPA implementation have been presented in

Eqs. (40), (41), (48), (49), (87), (89), (94), and (96)-(99).
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4 Discussion of implementation approach

In the following section a possible approach for an implementation of the four-component
SOPPA equations in a code, in which RPA is already provided in a spin-orbital basis, will

be outlined.

4.1 Single excitation part of o vector

For constructing the single excitation part of the o vector in Egs. (78), (87), (94), and (96),
one can consider four different types of terms. First, the RPA contribution given by Eq. (94),
which should be already provided by the program and hence will not be discussed further
here. Second and third, the conributions in (96) that contain the MP1l-amplitudes and the
one-index transformed Fock matrix, respectively, and fourth the terms in Eq. (87).

The first two terms of Eq. (96) will require the one-index transformed two-electron inte-
grals in the molecular orbital (MO) basis and the MP1l-amplitudes. It should be possible
to compute the MP1-amplitudes using existing code, as most quantum chemistry codes will
be capable of running MP2-calculations. Likewise, it should be possible to obtain the two-
electron integrals in the MO basis. If these are read into memory such that two indices are
kept fixed while the remaining two are not, one can perform the one-index transformation
by multiplying the appropriate block of the integral matrix, i.e., virtual-virtual, occupied-
virtual, etc., with the trial vectors and then adding them as shown in Eq. (96). This is
illustrated in Algorithm 1 lines 4-7 and 13-15, where the two outer loops are over the two
indices that are kept fixed. The transformed integrals must then be multiplied with the
appropriate MP1l-amplitudes, as seen in lines 811 and 16-17 in Algorithm 1. Here, one
must take care to keep any index, which is fixed for the integral matrix, also fixed for the
amplitudes (see lines 9-10). In the case of two fixed amplitude indices, the matrix multipli-
cation is straightforward (see lines 16-17). In the case of only one fixed amplitude index, it

is more complicated. Consider the term 3.4 Gucratss in Eq. (96) for the fixed indices a and
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c. Here, the transformed integral matrix will have dimension k x d (or occupied xvirtual),
while the amplitude matrix will have dimension d x (k x ). By multiplying the two matrices,
the sum over index d is performed (line 8 in Algorithm 1). The resulting product will be of
dimension k x (k x 7). However, the condition that the k index of the integrals and the k
index of the amplitudes are the same must be fulfilled (see lines 9-10). Thus, by adding all
elements for which index k of the integrals and index k of the amplitudes are the same, we
obtain the elements of the o vector for the fixed index a of the integrals and all values of the
second index 7 of the amplitudes. Note that this sum is the sum over index k. To obtain the
last sum over ¢, one must add all contributions of the o vector obtained in this way with
different fixed values of index ¢, i.e., in the second of the two outer loops in Algorithm 1.

The last two terms of Eq. (96) could be computed by multiplying the one-index trans-

Algorithm 1 Pseudocode illustrating the construction of the 3.4 Gackatss contribution to
the o vector.

1: for p =1, Ny do > Summing index a OR index k in this illustration
2: for ¢ =1, Ny do > Summing index ¢ OR index d in this illustration
3: if p and ¢ virtual, i.e., a = p and ¢ = ¢ then

4: > The sums are over indices a and ¢

5: for j =1, Ny do > Partial one-index transformation

6: (ac | kd)+ = (ac | kj)bjq

7: for b =1, Ny do > Partial one-index transformation

8: (ac | kd)+ = (ac | bd)by,

9: for d =1, Ny do > Sum index d now
10: for kamp=1, Nocc do > Neither k nor d were fixed, we need to sum k too
11: if £ .eq. kamp then > Check the same index k to get sum
12: (ac | k)54 = (ac | léd)tiimpi — (ac | k‘ci)tijmpi
13: else p occupied and ¢ virtual i.e. kK =pand d=¢q
14: > Sums are over indices k£ and d
15: for j =1, Ny do > Partial one-index transformation
16: (kd | aé)+ = (kd | aj)bj.

17: (kd | ac)+ = (kd | jc)ba,
18: for c=1, Ny do > Sum over index ¢
19: (kd | de)t@d+ = (kd | ac)t — (kd | ac)tsd

200 Sean Gackat{i+ = (kd | @e)tyd + (ac | kd)tgd

formed Fock matrix with the occupied-occupied part of the second-order contribution to the
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density matrix and then adding the product of the virtual-virtual part of the second-order
contribution to the density matrix and the one-index transformed Fock matrix. If RPA is al-
ready implemented, then a routine might already exist for the construction of the one-index
transformed Fock matrix and thus one might reuse it or modify the routine to write the
matrix to file for later use in the SOPPA calculation. Next, the second-order contribution
to the density matrix should be computable using existing code and could therefore also be
calculated using existing routines.

In order to compute the contributions given in Eq. (87), the two electron integrals will be
required once more. Here, it will most likely be advantageous again to keep two indices fixed
at a time in order to determine which of the trial vector elements should be added before
multiplication of the integral matrix and the trial vectors takes place.

The sum of these new contributions should be added to the existing RPA o vector and the
existing routine for solving the RPA problem could then be used to solve the single excitation

part of the SOPPA equations.

4.2 Double excitation part of o vector

The double excitation part of the o vector is determined from Eq. (79). To obtain the
contributions given in Eq. (97), one has to perform the one-index transformations again by
multiplying two-electron integrals and trial vectors and then adding them.

The contributions given in Eq. (89) will require the Fock matrix, which can be computed
(or reused) by means of existing routines. The trial vectors must be added, potentially by
keeping two indices (other than the one summed over) fixed at a time before multiplying

with the Fock matrix.

4.3 T vector

The single excitation part of the 7 vector in Eq. (98) can be constructed by adding the second-

order contribution to the existing RPA 7 vector. To obtain this contribution, the virtual-
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virtual part of the second-order contribution to the density matrix should be multiplied
with the trial vector and subtracted from the product of the occupied-occupied part of the
second-order contribution to the density matrix and the trial vector. The elements of the
double excitation part of the T vector given in Eq. (99) are (to a sign) simply the elements

of the trial vector and can be constructed on the fly.

4.4 Property gradients

In case of solving the inhomogeneous set of equations given in Eq. (7) rather than the eigen-
value problem, the property gradients must also be constructed. For the single excitation
part, Eqgs. (48) and (49), one will once again require the second-order contribution to the
density matrix as well as the integrals of the property operators in the MO basis. Rou-
tines should exist in any quantum chemistry code to compute these and multiplications can
then be performed straightforwardly using the appropriate blocks of the matrices, i.e., the
occupied-occupied block of the property integral matrix and the virtual-occupied block of
the second-order contribution to the density matrix.

For the double excitation part, a matrix containing the property integrals in the MO basis
will be required as well as the MP1-amplitudes. These must be multiplied, potentially by

keeping two indices of the amplitudes fixed at a time.

5 Concluding remarks

The SOPPA method has proven its value in non-relativistic calculations, in particular for
simulation of NMR.® However, NMR of molecules with heavy elements cannot be reliably

30734 " To overcome this problem, the SOPPA equa-

determined with non-relativistic methods
tions have been derived in a spin-orbital basis for an implementation in a four-component or
two-component relativistic code. The equations required for a four-component SOPPA have

been one-index transformed and are thus in a form suitable for efficient implementation.
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They were derived in a basis of non-canonical spin-orbitals/spinors and are thus given in
their most general form.

Our formulation in a non-canonical spin-orbital basis also allows for a non-relativistic im-
plementation of SOPPA for open shell molecules and to significantly reduce computational
costs for larger molecules by using localized occupied and virtual orbitals and exploiting
Cholesky or resolution of identity techniques for the two-electron integrals in the MO basis.
Moreover, a possible scheme has been outlined for an implementation of the presented equa-
tions in a program that already contains an RPA code that allows for the evaluation of the
non-canonical RPA equations in a spin-orbital basis. This will allow spectroscopic properties
of molecules containing heavy elements to be determined and greatly aid efforts to advance

the understanding of spectroscopic experiments in order to develop new technologies.
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