©~Copyright 2020
Shichao Sun



Toward Better Understanding of Molecular Magnetic Properties
with ab inittzo Simulation Methods

Shichao Sun

A dissertation
submitted in partial fulfillment of the
requirements for the degree of

Doctor of Philosophy

University of Washington

2020

Reading Committee:
Xiaosong Li, Chair
Daniel Gamelin

Ting Cao

Program Authorized to Offer Degree:
Chemistry



University of Washington

Abstract

Toward Better Understanding of Molecular Magnetic Properties with ab initio Simulation
Methods

Shichao Sun

Chair of the Supervisory Committee:
Prof. Xiaosong Li
Department of Chemistry

Simulating and understanding magnetic properties are essential for developing new magnetic
materials. In this dissertation, some advances in ab initio methodologies for simulating
magnetic properties based on the variational treatment of magnetic fields are presented.
The new methodologies are applied for properties such as noncollinear spin and magnetic
circular dichroism (MCD), and bring further insights into these phenomena. In Chapter ,
we give a general introduction of the interaction between matter and electromagnetic fields.
In Chapter the generalized Hartree-Fock formalism with variational magnetic field is
outlined and applied for simulating the non-collinear spin in molecular systems induced by
external magnetic field. We show that the two component formalism is a natural choice for
accommodating the spin collinearity in strong magnetic field. Chapters[3|and 4] present a new
simulation method for magnetic circular dichroism based on linear response with variational
treatment of magnetic fields. This variational treatment is advantageous in both calculation
efficiency and the ability of approaching strong magnetic field compared with the traditional
perturbation theory. We also include spin-orbit coupling variationally, which enables the
simulation of temperature dependence of MCD for open-shell systems. The non-collinear
density functional theory (DFT) and time-dependent density funcrional theory (TDDFT)
are implemented with finite field gauge including atomic orbital (GIAO) to mitigate the



gauge origin dependence problem in simulating magnetic properties. In Chapter 5] the MCD
simulation method by real time electronic dynamics with variational treatment of magnetic
fields is outlined. We showed the relationship between the MCD signal and the magnetically

perturbed electric dipole-dipole response function.
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PREFACE

This dissertation focuses on the recent development in the ab initio simulation of molec-
ular magnetic properties, especially the spin phase transition in the magnetic fields and
magnetic circular dichroism. The non-perturbative treatment of the magnetic fields is high-
lighted. It enables the simulation of spin-noncollinearity caused by the magnetic fields,
simplify the calculation and understanding of the magnetic properties and open up a door
to the strong field realm. My contributions and the contributions of the others’ to the

development of these methods will be outlined in the following chapters.

Chapter|l| provides the preliminaries to understand the phenomena in the magnetic fields.
The magnetic fields are introduced in the Hamiltonian in the form of vector fields. The gauge
transformation and gauge origin dependence problem is discussed in detail, which explain
the advantages of using gauge including atomic orbital in the non-perturbative treatment of
magnetic fields. The light-matter interaction is briefly discussed to provide the basic notions

for studying magnetic circular dichroism in the following chapters.

Chapter [2] present the development of non-relativistic generalized Hartree-Fock formalism
for simulating molecules with a variational treatment of the magnetic fields. It is known to
us that without periodic boundary condition, the magnetic field is the only thing to break
time reversal symmetry, which can cause the spin-non-collinearity in the molecular systems.
Thus, the generalized Hartree-Fock, or two-component formalism is vital for simulating the
magnetic properties and spin-phase transitions. However, for closed shell molecules, when
the magnetic field is not strong, restricted Hartree-Fock is still a valid formalism. Appendix[A]
outlines the Obara-Saika algorithm for calculating the gauge including atomic orbital inte-

grals, which is important in the ab initio simulation. A relativistic two-component formalism

xiil



for the non-perturbative treatment of magnetic fields is presented in Chapter Without
magnetic field, the spin-orbit coupling induce the spin-anisotropy while conserving the time-
reversal symmetry.

Chapter [3] and Chapter [ present the development of using linear response method to
simulate and analyze the magnetic circular dichroism. In Chapter [3| the linear response
TDHF is developed and used for simulating closed shell molecules. The non-perturbative
treatment simplifies the explanation and simulation of Z term in MCD. The o/ term caused
by Zeeman effect and peak broadening is discussed in Appendix [B] Chapter [4 present the
simulation of closed shell and open shell with transition metal compounds. The spin-orbit
coupling and magnetic fields are treated non-perturbatively in the exact two-component
formalism. The excitation energy and transition moments are simulated by non-collinear
TDDFT in the linear response formalism. The temperature dependence of the open shell
systems is a big challenge. With non-perturbative treatment of magnetic field, this can be
simulated by the transition from different microstates weighted by a temperature dependent
Boltzmann factor.

Chapter [5| provide a method of simulating MCD with real-time electronic dynamics. It
is shown that the MCD spectrum can be related to the frequency dependent electric dipole-
electric dipole response function. This response function can be related to the time evolution
of the expectation value of electric dipole perturbed by an electric field. Such relation can
be generalized to the absorption spectra and electronic circular dichroism spectra.

Chapter [6]is about the unfinished work of four component relativistic formalism in GIAO

orbitals.
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Chapter 1

INTRODUCTION

In order to study the magnetic properties with ab initio simulations, we need to introduce
the magnetic fields in molecular quantum mechanics. We are interested in the interaction
between the magnetic fields and the molecule as well as the plane wave and the electrons.
In this work, we limit our discussion of these interactions to semi-classical treatment of
electromagnetic fields. We believe that in the experimental condition, when the intensity
of the field is not too strong, and the frequency of the plane wave is not too high, the

semi-classical approximation is valid.

First, we introduce the magnetic fields in both Schrodinger’s equation and Dirac’s equa-
tion in the Coulomb gauge. Next, we will brifly go through the light-matter interaction in

the semi-classical treatment.

One difficulty for molecular ab initio simulation of the magnetic properties is the gauge
origin problem. In principle, gauge transformation does not change the physics. However, in
the presence of magnetic fields, with localized atomic orbitals, the simulated energy as well
as other properties will become gauge origin dependent. We will give an explanation and
introduce gauge including atomic orbital to mitigate this unphysical dependence of magnetic

properties upon gauge origin choice.

1.1 Introducing Magnetic Fields in the non-relativistic Hamiltonian

Generally, vector potential and magnetic fields always have the relation

B=VxA (1.1)



Define scalar potential as ¢, then the electric field is

E=-V¢-— %A (1.2)

The gauge transformation can be defined with an arbitrary scalar field of space and time

f(r,t),

A A=AtV (1.3)

0
6 =0— 5 (14)

and the electromagnetic fields are unchanged after the transformation.

Next, we will introduce the fields in the Schrodinger’s and Dirac’s equation. It can be
proofed that the scalar fields is not involved in the Hamiltonian, thus we only consider the

vector potential in the Hamiltonian.

We choose Coulomb gauge (also known as the radiation gauge) throughout the whole
thesis,

V-A=0 (1.5)

In the free particle Schrodinger’s equation

i == (1.6)

In the Pauli equation, we introduce spin by replacing p with o - p, and the Hamiltonian
without external fields is the same as Eq. .

We introduce the vector potential with minimal coupling, i.e., by relplacing p with p —
gA. For electrons, ¢ = —e = —1 in the atomic units. Then the spin-free Schrodinger’s

Hamiltonian of free electron becomes

H=—— —iA V+— (1.7)



and by using the Dirac identity
(o-u)(o-v)=(u-v)hb+ioc-uxv (1.8)

we can show that the spin dependent non-relativistic Pauli’s Hamiltonian becomes

2 A2
H:—%—iA-V+7+uBa-B (1.9)

The last term in Eq. ([1.9)) is the spin Zeeman term, where o = 2s and pp is Bohr magneton,
which is  in atomic units.

By introducing the minimal coupling in the Dirac’s Hamiltonian, we have

Hp = ca- (—iV + A) + pmc? (1.10)

1.2 Gauge Transformation of Many Electron Systems

Now we want to show that the N electron system is invariant under gauge transformation of
vector potential Eq. . After the gauge transformation, the many electron Hamiltonian
transform from H = Y.V [o - (pi + A)]> to H = Vo - (pi + A + Vf)]?, or from Hp =
SV ea-(p+A)+pme® to Hp = SN ca- (p+A+V f)+Bmc®. The transformed Hamiltonian
can be written as

H(A") = exp (—iF)H(A)exp (iF) (1.11)

where F' = S°N f(r;). The unitary transformation of Hamiltonian can be proofed by

showing that
(—iV; + A) explif(r;)] = explif(r;)]|(—iV; + A+ Vf(r;)) = explif(r;)](—iV; + A) (1.12)

The transformation of other operators, such as nuclear attraction operator, electron-electron

repulsion operators, are trivial.



Corresponding to the change in the Hamiltonian, the wave function is also transformed
V' = exp(—iF)W¥ (1.13)

with this transformation, the energy is invariant to the gauge transformation, and there is a

connection between the original wave function and transformed wave function. [29,30]
1.3 Gauge Origin Dependence in the Localized Orbitals

If we only have static magnetic fields, then in the scale of molecules, we can usually regard
the static magnetic fields as uniform, B(r) = B, i.e., constant in the whole space. The vector

potential can be defined as

A= %B « (r—0) (1.14)

where O is the chosen gauge origin.
A change of gauge origin can be seen as gauge transformation. If we change the gauge
origin from O to O’ = O + AO , then the new vector potential of the uniform magnetic

field is

A’ :%B X (r—0)
1
1 1
:§B X (r—0)+ V{E(B x VO) - r} (1.15)

which match with the form of gauge transformation Eq. (1.3) with

f= %(B x VO) -r (1.16)

In Hilbert space, the transformation of wave function Eq. (1.13)) can easily be done.

However, in quantum chemistry calculations, usually we use the linear combination of lo-



Basis space

Figure 1.1. The wave function before gauge transformation is in the basis space.
The gauge transformation rotate the wave function out of the space (the arrow
out of the basis plane) if the basis space is not complete. The best approximation
is the projection of transformed wave function in the basis space (red arrow).

calized atomic orbitals such as Gaussian orbital and Slater type orbitals to form the molec-
ular orbital. Such localized atomic orbitals are not complete, limiting the transformation
Eq. in a subspace of the Hilbert space. As illustrated in Fig. , before gauge trans-
formation, the projection of the wave function ¥ in the basis space {x} is (x| ¥). The
gauge transformation rotate the state to exp(—iF)¥ and the optimal solution obtained
in the original basis space (x|exp(—iF)W). If the basis space is not complete, the ex-
pectation value of the energy before and after the transformation ((¥| x) (x |H|x) (x| ¥)
versus (exp(—iF )W | x) (x |exp(—iF)H exp(iF)| x) (x| — exp(iF)¥)) may not be identical,
since the basis space {x} may not be complete. However, if the basis space can also be

transformed into {exp(—iF')x}, the projection of the state becomes

(exp(—iF)x | exp(—i[)V) = (x| ¥) (1.17)



, and the expectation value becomes

(exp(—iF)W | exp(—iF)x) x (1.18)
(exp(—iF)y |exp(—iF)H exp(iF)| exp(—iF)x) (1.19)
(exp(—iF)x | exp(—iF) V) (1.20)
= (] x) (X TH[X) (x| ¥) (1.21)

which is identical to the result before the gauge transformation even for an incomplete basis
space. Usually in the quantum chemical simulation, we use localized basis function without
transformation. Thus, the calculation result of molecular systems in the presence of magnetic
fields with Gaussian basis function always shows gauge origin dependence. If we use a more
complete Gaussian basis, the projection of the wave function and Hamiltonian in the basis
space will approximate the complete space better. Thus, a bigger Gaussian basis set have
less gauge origin dependence. However, in order to mitigate the gauge origin problem, the
increase in the computational cost of using a more complete basis can be prohibitively high

in the real cases.

1.4 Gauge Including Atomic Orbital: Defining Local Gauge Origin on Each
Atom

In order to mitigate the gauge origin dependence for a localized atomic orbital without using
a bigger basis set, the gauge including atomic orbital (GIAO) was proposed. In the presence

of uniform magnetic field B, it is defined as
Xu(r ki) = xu(r — Ry)ela R (1.22)

where the vector is defined as
. RA x B

ka 5

(1.23)



. {xu(r —R4)} are localized atomic orbital (AO) basis functions centered at nuclear coor-
dinate R 4. The GIAO can be regarded as a localized atomic orbital attached with a phase
factor. The phase factor defines the local gauge origin at each nuclear center in the presence

of magnetic field with a plane wave. This can be shown as follows

RAXB

kA'(I'—RA): 5

(r—Ry) = —%(B x Ra) -1 (1.24)

which satisfy the form of gauge origin trasformation factor —f in Eq. (1.16) with AO =
R4 — O, where the original gauge origin O is defined at (0,0,0), R4=R4—O, r=r—-0
and the fact that R4 x B- R4 = 0. We have

~ 72‘1 _ .
Nu(r,ky) = e 2BXRa-0Olry (r — R ) (1.25)
The Hamiltonian in the basis representation
<>~(A ‘Hl >~(A> = <XA ‘@fié[BX(RA*O)] Hei%[BX(RA*O)]‘ XA> (1.26)

transform the gauge origin of the Hamiltonian from O to nuclear coordinate R 4. Thus, the
GIAOQ defines a local gauge origin on each atom in the basis representation. No matter what
gauge origin is chosen in the vector potential, the calculation result does not change.

It should be pointed out that GIAO provides a uniform way of choosing gauge origin in
the localized basis function. Whether or not it is the optimal way of defining a gauge origin

is still under debate.
1.5 Interaction between the plane wave and matter

We can show that with only magnetic fields and radiation fields, the Hamiltonian in the
Coulomb gauge is not dependent on the scalar field. The electrostatic interaction can be
written as charge interaction.

Assume there is no source in the space of interest, in the Coulomb gauge, the scalar



potential ¢ = 0. Only vector potential is needed to express the electromagnetic wave. The

equation of motion for vector potential in vacuum is

VQA—ia—QA—o (1.27)
2ot '
the electric and magnetic field is given by
0A
E=—— 1.28
T (1.28)
B=VxA (1.29)

For linearly polarized plane wave propagating in direction &, with polarization unit vector

€;, the complex vector potential

A = Agé; expli(wt — K - 1) (1.30)
The real vector potential
-
A=A+A"= é{Aoéi expli(wt — k- 1)] + (Apé;)" exp[—i(wt — kK - )] } (1.31)

r is the coordinate of interest. the complex form of electric field

E = Eyé; expli(wt — k - 1)] (1.32)

and the real electric field is E = %(E +EY)

Eq. (1.28) gives the relation

From Eq. (1.29)), we can find the magnetic field of the plane wave

B = —i(k x &)Agexpli(wt — K - 1)] (1.34)



For circularly polarized light, assume the wave is propagating in direction z. The polar-
ization unit vector is

& =64 = %(éx +ié,) (1.35)

where

Ep=é,, éL=¢ (1.36)

The non relativistic field-matter interaction term in the Hamiltonian Eqs. (1.7]) and (1.9))

N

The light-matter interaction will be discussed in the response function section. Here we
use the conclusion from Ref. [119 that the transition probability from the ground state to

one excited state is proportional to the square of the norm of transition matrix element

oo el

where N; is the population of initial state. Since this excitation absorb photon with positive

2

P x N; (1.38)

N ~
ZA*‘Pi

frequency, the matter interact with the complex conjugate of A. The absorption is propor-
tional to the photon energy, concentration of the molecules, and transition probability and

divided by the intensity of the light A oc N; P, shw/(Ep)?, thus
Ao w|(f lexp(ir - T)&; - pli) |*N; (1.39)

where the time dependent part of the wave is taken out out the bracket and integrated to

give a delta function of frequency.

For circularly polarized light propagating in z direction, A4 = A“;%Ay, it is easy to show
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that

[(F|A%L - p|i) [P= |(f| A  exp(ir - 1)é - pli)|" = [(f |[Ajexp(in - t)p|d)|* (1.40)

where
_ Dz Fipy

p$ \/§

and the circular dichroism is defined as the difference of absorption of left and right polarized

(1.41)

light, A — A,. The circular dichroism can be calculated as

AA o A — Ay =wN(|(f lexp(ir - t)py | i) |~ |(f lexp(ir - v)p_| i) [*) (1.42)

=wN;i(|(i lexp(—ir - v)p_| £) |"~|(i lexp(—ir - T)py | £) ) (143)

where we use the relation
(f lexp(ik - v)pL|i)" = (i |[exp(ir - T)p<]"| f) = (i |exp(—ik - T)pz| f) (1.44)

In the low frequency limit, & - r is small, exp(ik - r) &~ 1. This is the electric dipole
approximation. Using the commutator relation [p?,r] = —2ip, we can write the matrix

element as

(i Aopi| ) = Ao (i li[Ho, 75]| ) = i(Ei — Ep) Ao (i |r;| f) = —iwAo (i]r;] f) = Eo (i]r;] f)
(1.45)
where we used the relation Eq. (1.33]). This is the length gauge. The transition probability

2

Py oc P Ao?|(f 167 - el d) | "= | Eo 2| (f &} - x]4) | (1.46)

The absorption of linearly polarized light in the dipole approximation and length gauge can

be written as

Aocw|(fI&] - rd) 'Ne = w|(i |& - x| £)|* N, (1.47)
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For circular dichroism, with dipole approximation,

AAoc w([(ile— x| f)|"=|(iles x| £) )N
= (|Gl D P=[Gi el £) )N (1.48)

where p14 = (r, £ ir,)/v/2. Without the presence of the magnetic fields, the dipole contri-

bution to the circular dichroism is zero.

In relativistic case, the Heisenberg equation of motion gives
co = —ir, Hy| (1.49)
the light matter interaction can be written as

(f1Hili) = (f |ecr- A v A"

i>:—i<f‘r-A*

i>(Ei—Ef):2'w<f

z> (1.50)

which is similar to the non-relativistic case.

Next, let us go beyond dipole approximation. If we do Taylor expansion of plane wave

for the exponent and cut off at first order, Eq. ((1.39) becomes
Aoccw|i|(1—ik-1)é-p| f) 'V (1.51)
Focus on the second part (i |(k - r)(&; - p)| f)-

(k-1)(& - p) Z%[(n -1)(&i-p) + (k- p)(&i - 1)]

tal(kr)(Ep) — (5 D) 1)) (1.52)

It can be shown that

(k-1)(&P) — (k-P)(E 1) = (R x &) - (r xp) (1.53)
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From Eq. ((1.34) we can find that this term is the interaction between the magnetic field and

the magnetic dipole (one half of the orbital angular momentum 1 =r X p).

From commutator [p? rr] = —2i(pr + rp), we have pr + rp = i[Hy,rr]. The matrix

element of the first term in Eq. ((1.52)

_ (B — Ey)

. L . .
g (ilrp+pr| f) & =gk - (i|[Horr][ f) - € 5w (ifrr] f) - &
Wk
= (ifrr] f) - € (1.54)
we notice that k- &; =0, thus k- I3 - &, = 0. And
WK . . WK . r-rls R K
i) a = -5 (i TR e =Sl B )
In summary,
. . . . i . .
(i|(1 =ik -r)é; - p|f) = —iwe; - (ifr] f) — 5("& x &) (i f) =25 (1QI f) - & (1.56)
1
(B (il 1) + il 1) — i G
0
For circularly polarized light, due to the right hand rule, k x &, = |k|€, K X &, = —|K|&,,
thus kK X €, = —i|k|é,, kK X é_ = i|k|é_. From Eq. (1.56]), we have
. . . . . (SN
(|1 —ir-r)és - plf) = —wes - (e[ f) = S(Fi)wlex - @ f) — =~ ©G1QIs) e
) 1
- W<Z|7“i|f>3F—|'<5|< |li\f>—— (i |Qi!f>
iwk .
=—iw| (fre /) F 5 - (el f) = == - (I]Q=[ ) (1.58)

where |k| = w. Since

iQi = Z(sz + Z.ngz) = ZQa:z + Qyz = :F(Qyz + Zsz) = :FQ:F (159)
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(10w ves bl 1) = —iw (il H 7 S0l N £ 5 610D (6
Thus

1
A - . 1 o . A . 2
- oxgal i1(0L = im -r)espl )|

2

= (ilrel f) P + iQ=]f)

i, > |wk
5 Gl +]5

+ Im((f [r<]2) (i |L£] f))
£ Re((f |r<]7) (i |Q=] f))

({7 It} (1@ 1) (1.61)

Then for

1

AA x |E0|2H G|(1—ik-t)e_ p|f) 2= (|1 —ik-1)és - p| )] (1.62)

without the presence of static magnetic field, the contribution to Eq. (1.62)) from the second
line of Eq. (1.61]) is zero. The lowest contribution to Eq. (1.62)) is the third line of Eq. (1.61)),

AA o< —Im((f [ry]2) @ I-| ) = Ton((f |r—[2) G 4] f))
= = 2[Im((f |ro| ) (@ L] £)) + Toa((f [y |4) (i lLy] £))] (1.63)

assuming the light propagation direction is z. After isotropic average, the electronic circular

dichroism can be calculated by

AA o Im((f |rf) - (1] f)) (1.64)
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1.6 Time Evolution of the Observable and the Response Function

In this section, we introduce the response function and relate it to the time evolution of
the expectation value of the operator, i.e., observable. From the response function, we can
obtain the absorption spectra and electronic circular dichroism signal of molecular systems.
This section will provide the background knowledge for simulating MCD with real time

dynamics in Chapter [5, The readers only interested in linear response TDDFT method can

skip this section. In Secs. [1.6.1] and [1.6.2] we mainly follows and expand the derivation of

time evolution of observable in Ref. [112| with more details.

1.6.1 Liouville Equation

Time dependent Schrodinger equation and its complex conjugate are

0

0 .
Zah@ = (Ho+ Vi) |¢), 5 (W] = (Y[ (Ho + V2) (1.65)

where V; is a time dependent perturbation. It can also be represented in the Fourier trans-

formed form

Vi(r) = /_ h dwV,,(r)e™ ™" (1.66)

o0

Density matrix in Schrodinger picture and interaction picture are defined separately as

p=[¥) (¥ (1.67)

in interaction picture,

pr(t) = et [g) (] e (1.68)

The equation of motion for density matrix in interaction picture is

i pr = V] ) (] 0 — ) (] Ve (1.69)



Define operator in interaction picture

‘/;(t) _ eiHot‘/%e—iHot

15

(1.70)

note that subscript t denote the time in Schrodinger picture, t in parenthesis is the time in

interaction picture. Then we have

eiHOt‘/t — ‘/;‘/(t)eiHDt, ‘/tef’iHot — e*iHot‘/t(z»

So

5o = V1), pr(1)

By integrating the time,

o) =p—i [ W) )

or in Schrodinger picture
t

) . . . , . ;. , . ,
ezHotp<t)e iHot =py — ’L/ [ezHot V,;/e iHot ezHOt ,o(t’)e iHgt

—00

. ’ o ’o ’ o ’
o elHot p(t/>e iHot e’LHQt ‘/,4/6 iHot ]dt/

multiply e=#! on the left, 0! on the right:

t

p(t) :efiEotpOeiEot o Z/ dt,[‘/t/ (t/ o t)7 eiHQ(tft/)p(t/)efiHo(tft/)]

—0o0

(1.71)

(1.72)

(1.73)

(1.74)

(1.75)

In principle, we can plug the Eq. (1.75)) in the right hand side of Eq. (1.75]), and obtain

an infinite expansion. In order to explain how real time dynamics works, we cut off the

expansion at first order.
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In linear response approximation, we use py as the density operator on the right hand
side

p)=m—i [ AV — 1), poldt (1.76)

—00

1.6.2 Time evolution of the observable

For operator O, the expectation value at time t is
t

1) = (v |0] w) = Tr(p0) = (0]0] 0) i / Tr([Vi (' 1) psO — poVie (' —1)O))dt' (1.77)

[e.9]

Notice that

and

Tr(poVe(t' = 1)0) = (0|Vu (t' — £)O[ 0) (1.79)
So
z/ dt' (0[O0, Vy (t' — t)]|0)
z/ dt'O(—(t" — 1)) (0[O, Vy(t' — t)]| 0) (1.80)
where the step function is

1 —(t'—t)>0,whichist <t
O(—(t' —1t)) = (1.81)

0 —(t'—t)<0,whichist >t

The step function is used such that the integral upper limit is changed from t to oo, and it

will be more convenient for the following derivations.
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Define retarded polarization propagator in time domain,
(O Vult' = 1))" = =iO(=(t' = 1)) (0[O, Vir(t' = 1)]| 0) (1.82)
The time evolvement of the expectation value of operator O is

0(1) =000) + [ (OVilt ~ )it (1.83)

o0

decompose Vj into frequency domain according to Eq. , we have
O(t) = 0(0) + /Oo dw /OO dt(O; V,(t —t)) e (1.84)
where V,,(t' — t) is frequency component operator V,, in interaction picture
Vo (t' —t) = o=ty e=iHo(t'=1) (1.85)

The purpose of doing this transformation is to take advantage that operator V,, is independent

of time, and it will be easier to analyze the polarization propagator (O; V,,(t' —t))".

1.6.3 Lehmann representation

(Os Vit = 1)) = —iO(=(t' = 1)) Y_[(0[0]n) {n [Vi(t' = )]0) = (0[V(t' = )| n) {n]O|0)]

n

= —i0(=(t' =) Y _[{0]0]n) (n[V,]0) ' eFal=0)

n

— (0[Valn) (n|O] 0) ¢ En=E0)=0) (1.86)

Now we want to transform the function in time domain into frequency domain. Consider

integral
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omi w—(E, — Ey) +in

[e.9]

) /_oo L Z[<O|O|n> (nVir| 0) | e (1.87)

The pole is at w = (E,, — Ey) — in, which is in the lower half plane. When ¢ — ¢ > 0, the
path go through the lower half plane, and the contour is clockwise Fig. [1.2]

Figure 1.2. This is lower half plane contour with clockwise path. The dot is
(En - EO) - in'

So the integral becomes

. ~ ©0101n) (V| OY T s
1 . doo—— iw(t—t")
0 oo “omi ; Lu — (B, — Ey) +1in ‘

= = === E —i(En—Eo)(t—t")
( i 4 (00| n) (n|V,|0)e 0 )

= (0]0|n) (n|V.s| 0) e~ (En=Eo)t=t) (1.88)

when t — ¢’ < 0, the path go through the upper half plane. Since the upper half plane

has no poles, the integral becomes zero.

L

Figure 1.3. This is upper half plane contour with counterclockwise path. The
dot is (E,, — Ep) — in.
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So in summary;,

270 w— (E, — Ey) +1in

n—0 oo

lim — dwi Z [ (0]0[n) {n|Vir|0) o iw(t=t")

S {0101 n) (1 [Viy] 0) e i En—E)t=) ¢ 1 5 @

_ (1.89)
0 t—t <0
For the same reason,
, o 1 0|V |n) (n|O[0) T iy
1 o dw—— iw(t—t")
= ”2mzn: [w+(En—E0)+z'77 ‘
S {0V | n) (n|0] 0) e¥ilEn—E0)(t=t) ¢ _ 4/ >
_ (1.90)
0 t—t <0
So this integral with 7 is equivalent to a step function.
il = /OO dwi, Z (0]0]n) (n|Vi| O'> _ (0[Vir[n) (n]O| O‘> o iw(t=t")
o 2mi i w— (B, — Ey) +in w+ (Ey — Eo) +1n
= (O Vi, (t' = 1)) (1.91)

the ' in the subscript denote the fourier component of the perturbation V. w is the frequency

of response function.

Define

(O; Vi)l = Tim

iy 3[R0 %10 _ 01k 1n) el 192

w—(En—E0)+in_w+(En—E0)+i77

Then the inverse Fourier transform is From Eq. (1.91]), we have the relationship between

response function in time and frequency domain

osvutt ~y = | T oy = / TR ovyneet s (1.03)

oo 2m oo 2T



in order to obtain the inverse Fourier transform, we look at

oo & / d v
/ <<O, Vw”( 7‘ —zwt dt _ / dt/e—zwt / 2w <<O V . >>7”lezw t
— 0 ™

= dt/ <<O V //>> /€Z o’ w)t
= dw/((O; V)0 (w' — w)
=(O; Vi),

Then we will study the linear response function in frequency domain.

o (010]n) (0 ]V210)
n—0t W — (En — Eo) + ZT]
(0101n) (n[Vir|0) [w — (B — Eo) — in]

= = (Bu— B2 — ()?
_ i 0101 (0 [Vir| 0) [w — (B — Ey) — in]
0+ [w— (En — Eo)]2+ (n)?
~{0]0[n) (n|Vis|0) .
= (B, — Bo) — i (0|0|n) (n|Vy]0)d(w — (E, — Ey))

where the last line use the property of delta function

5(x) = Llim —°

T e—0 22 + &2

1.6.4 Fourier transformation of the time dependent observable

20

(1.94)

(1.95)

(1.96)

The response function can be obtained from the time evolution of the expectation value of

the observable after a delta kick. It will be discussed in Chapter [5} With a delta kick of the

form

Vi =Vé(t)k

(1.97)

where k is the strength of the perturbation, by applying a time-frequency transformation,

we can obtain the response function
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t/m(O@)—(Xonémdt:Eg;/lhewi/dwkﬁmﬁ«éyvx;:%«Ojv»g (1.98)

[e.e]

1.6.5 Relating absorption spectra to response function

We use delta pulse of electric field as a perturbation, and electric dipole as an observable.

<<Na; Ma»:; = lim

n—0t

(0paln) (0 ]pal 0) {0 |pal n) (0|1l 0)
; [W — (B, — Ey) +in Wt (E, — Ey) +in (1.99)

So

(a3 o)) = =7 D [Re((0 |al 2) (1 |1l 0))5(w — (E, — Eq))

—Re({0 [pal ) (n |1l 0))0(w + (En — Eo))] (1.100)

o) =~ 3 I 1)) (1.101)

1.6.6 Relating ECD to response function

In this case, we use delta pulse of electric as a perturbation, and magnetic dipole as observ-

able. (mq; pg)l,. The rotatory strength of ECD can be written as
R(w) =) Im({0 |ua| n) {nma] 0)d(w — (B, — En)) (1.102)

The response function

. =1
<<maa Ma>>w 1111 w — (En — EO) + ’L’I7 w + (En - EO) + ”7

n—0t
n

5 [<0|ma\n> (1116l 0) (0 lp1aln) (1 | 0) (1.103)
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We defined C;, = (0 |mq|n) (n|ua|0) .The real part of the response function is

Re(C,)[w — (E, — Ep)] + Im(C,,)n
w = (En = Eo)]* + (n)?
~ Re(C)w + (B — Eo)] +Im(Cy)n
W+ (B — Eo)]* + (n)?
Im(Cy)n Im(C7)n

W= (En = Eo)P+(n)?  [w+ (En— Eo)* + (n)?

Re({ma; pa),) = lim

n—0+
n

:limz

n—0+

=1y [Im(Cp)6(w — (E, — Ey)) — Im(C})d(w + (B, — Eo)]  (1.104)

the second line drop the real part of (), because for real orbitals, (0|m,|n) is real and

(n|mg|0) is pure imaginary, so Re(C,,) = 0. So
1
R(w) = —— > Re((ma; pa)l) (1.105)

The ECD signal can be simulated from the magnetic dipole-electric dipole resoponse function.
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Chapter 2

GENERALIZED HARTREE-FOCK WITH A
NON-PERTURBATIVE TREATMENT OF STRONG
MAGNETIC FIELDS: APPLICATION TO MOLECULAR SPIN
PHASE TRANSITIONS

In this chapter, we present a framework of an ab initio variational approach to effec-
tively explore electronic spin phase transitions in molecular systems inside a homogenous
magnetic field. In order to capture this phenomenon, the Complex generalized Hartree-Fock
(C-GHF) method is used in the spinor formalism with London orbitals. Recursive algorithms
for computing the one- and two-electron integrals of London orbitals are also provided. A
Pauli matrix representation of the C-GHF method is introduced to separate spin contribu-
tions from the scalar part of the Fock matrix. Next, spin phase transitions in two different
molecular systems are investigated in the presence of a strong magnetic field. Non-collinear
spin configurations are observed during the spin phase transitions in Hy and a di-Chromium
complex, [(H3N),Cr(OH),Cr(NH3),]*", with an increase in magnetic field strength. The
competing driving forces of exchange coupling and the spin Zeeman effect have been shown
to govern the spin phase transition and its transition rate. Additionally, the energetic contri-
butions of the spin Zeeman, orbital Zeeman, and diamagnetic terms to the potential energy
surface are also analyzed. The work in this chapter is adapted with permission from S. Sun,
D. Williams-Young, T. F. Stetina, and X. Li. Generalized hartree-fock with non-perturbative
treatment of strong magnetic field: Application to molecular spin phasetransition. J. Chem.

Theory Comput., 15:348-356, 2019.
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2.1 Introduction

Electron spin is a fundamental physical property that is important to a wide array of science
and technological applications such as energy storage, quantum computing, and chemical
catalysis. An atomic or molecular system has a spin-dependent many-electron response that
can be perturbed by an external electromagnetic field. Although effective model Hamiltoni-
ans with perturbative treatments of external fields [47,(106}/108,125] have their merits, they
are limited in their description of spin-dependent processes in the strong perturbation limit.
While molecular response to external electric fields has been a subject of extensive theoretical
work, computational frameworks for modeling finite magnetic field effects have been lagging
behind mainly due to three challenges; the gauge-origin problem, spin non-collinearity, and

necessity of complex arithmetic.

For many-atom systems, electronic structure calculations in the presence of electromag-
netic fields become dependent on the choice of the gauge-origin, mainly due to the basis set
incompleteness of Gaussian type orbitals. [22}29,30,|38,/59,/84,90,|127] Among various ap-
proaches to correct for the gauge-origin problem, electronic structure methods using London
type orbitals [23}[101] provide the most satisfactory solution. [4,|10}56-58,80,/167] London
orbitals are constructed from conventional atomic orbitals dressed by a complex phase factor
that depends on the external vector potential, and are considered physically appropriate for

modeling chemical systems in an external magnetic field. [59)

In the non-perturbative limit, such as in the presence of a strong magnetic field, vari-
ational treatment of the electronic structure using London orbitals is required. |1, 71, 83|
For this purpose, Helgaker and coworkers have made algorithmic advances for evaluating
one- and two-electron integrals using London orbitals, and applied a variational approach
to study molecules in strong magnetic fields within the spin collinear framework at the
level of Hartree-Fock [155L/156], coupled cluster [146], configuration interaction, [87] density
functional theory, and current density functional theory. [35,36,/157] While the electronic

characteristics of spin states in a magnetic field can be obtained using a variational spin-
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collinear method, the spin phase transition process, e.g., from singlet to triplet, driven by a
static magnetic field requires a spin-noncollinear treatment.

It is well known that certain symmetry breaking, such as an external static magnetic
field breaking time reversal symmetry and geometric frustration breaking continuous trans-
lation symmetry, will cause noncollinear spin configurations to arise. [2}34},40,45|129] Thus,
a proper description of spin processes must come from a solution of the first-principles spin-
dependent Hamiltonian that allows a variational treatment of non-collinear spin. The gener-
alized Hartree-Fock (GHF) method removes the spin collinear constraint from conventional
restricted and unrestricted Hartree-Fock (RHF and UHF) methods so that spins are allowed
to rotate freely in a non-collinear framework. A detailed history of the early GHF method
can be found in Reference 102| and we refer readers to a recent review [40] on non-collinear
spin. The GHF approach has been shown to be a convenient and inexpensive computational
platform to simulate spin dynamics of a single spin center in a static magnetic field [20] and
in a dissociated reaction. [21]

In this work, we introduce a variational spin non-collinear approach using the complex
GHF (C-GHF) method with London orbitals in the presence of a strong magnetic field. The
method implemented herein is able to model both spin-collinear and noncollinear phenomena
as well as the processes underlying the magnetic field induced spin phase transition. Note
that during the preparation of this manuscript, a variational GHF approach has been applied

to studies of orbital and spin effects in molecules subject to non-uniform magnetic fields. [131]

2.2 DMethodology

2.2.1 Spinor Formalism of Generalized Hartree-Fock with London Orbitals

In order to treat non-collinear spins in a non-perturbative magnetic field, one needs to retain
the full vector form of the magnetization m(r) and allow each spin quantization axis to
rotate. This is equivalent to writing the spin orbitals as a superposition of the spin-up and

spin-down manifolds. For Hartree-Fock, this leads to the generalized Hartree-Fock (GHF)
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method, [20,34,/40,41}/102,/129,/148,/169] which is similar in structure to the wave function
used in two-component relativistic models. [27}28,641/86} 98,100, 116-118}|164]

The spinor orbital is defined as

wytr) = () 2.)
¢j (r)

The spatial functions {¢§(r,ka)}, {(bf (r,ka)} are expanded in terms of a common set of

complex London orbitals {x,(r, ka)},

¢ (r.ka) = Z iXu(r, Ka) (2.2)
¢5 I‘ kA Z JX,u r, kA (23)
XuﬁnkA)=:xu0“—ftne*A“‘Rﬂ) (2.4)

where {x,(r —Ry4)} are real atomic orbital (AO) basis functions centered at Ry. The
exponential form of the London orbital phase factor defines the local gauge origin at each

nuclear center in the presence of magnetic field with a plane wave vector described by ks =

RaxB

5—, where B is the external magnetic field.

In the spinor orbital basis defined in Eq. (2.1), the Fock matrix (F) and the density
matrix (P with P7/ a' =0 ce ) have a spin-blocked form, [20] shown in Eq. 1D

X e Xaﬁ
X — , Xe({FP} (2.5)
XBa XBB

In the current implementation, we cast the rank-2 spin-blocked F and P matrices in the
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Pauli matrix basis, [118§]

F:ZFn@)Un (2.6)
n=0
3

P:ZPn@)an (2.7)
n=0
10 0 1 0 — 10

Oy = yO1 = yO2 = y O3 =
0 1 10 1 0 0 —1

where the scalar (Fy) and spin part (Fy, Fq, F3) of Fock matrix are defined as [118]

Fy = ho + J[Po] + K[Py], (2.8)

F,=h,+K[P,] n=123 (2.9)

The Coulomb (J) and exchange (K) matrices are,

JuwPo] =) (1v[5X) Poaw (2.10)
AR

Kuw[Py) = (uA|kv)Poas, n=0,1,2,3 (2.11)
AK

where

X5 (1, ka)Xo(r1, k)X (r2, ke ) xa(ra, k
(MVM)\):/dgrl/deXﬂ(rl, A)Xv(r1,kp) X5 (T2, ko) Xa(r2, kp) (2.12)

r1 — 13|

are the electron repulsion integrals (ERIs). Note that since ERIs using London orbitals

are complex valued, they only have a four-fold symmetry instead of eight, as in the case of

real-valued ERIs,

(1 |kA) =(kA|pv) = (vp[Ar)" = (Ak|vp) (2.13)
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2.2.2  The Non-Relativistic Hamiltonian in the Presence of a Static and Uniform Magnetic
Field

In the non-relativistic framework, the interaction of an electron spin with external electro-

magnetic field is described by the Schrédinger-Pauli Hamiltonian:

A

lo-(p+A) -0 (2.14)

iLPauli o

DN | —

where A and U are the vector potential and scalar potential of the electromagnetic field,
respectively. p = —iV is the momentum operator. Given the relationship between the
vector potential and the magnetic field, A = %B x r, the one-electron Pauli Hamiltonian can

be written as

- 1 1
pPauli _ ho(r) + 5(0’ —ir X V) -B 4+ §<B X r)2 (215)

where hy(r) is the field-free one-electron Hamiltonian. The second term includes spin and or-
bital Zeeman contributions. The third term is the diamagnetic contribution and is quadratic

in the strength of magnetic field, which can be expanded as

(B x 1) =(B} + B2)z* + (B2 + BY)y* + (B + B}

— 2B, Byxy — 2B, B.yz — 2B, B, xz (2.16)

The orbital Zeeman and the diamagnetic term do not directly contribute to the spin dynam-
ics. [20] Although these two terms are relatively small, they are important contributions in
diamagnetism. [49/50,|120//121] In the presence of a strong magnetic field, these two terms
account for significant contributions to the interaction between the chemical system and the

external field. [155]

Using the formalism of generalized Hartree-Fock in the Pauli matrix basis (Eq. (2.6])),
spin contributions in Eq. (2.14]) can be separated from the scalar part. The resulting scalar
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Fock matrix is

i 1
Fo =hg + J[Po| + K[Po] - JL-B + By + Bl + (B; + BY)ay, + (B; + By)q.:

8
where L,, = (X.|[r x V|x,) is the orbital-angular momentum integral , and (Qum)w =

(Xu|7nTm|Xy) is the electric quadrupole integral. After spin separation using the Pauli ma-

trices, spin components of the Fock matrix are
1
F, = §BnS +K[P,], n=1,2,3. (2.18)
where S is the overlap matrix.

2.2.83  Electron Integrals using London Type Orbitals

The electronic structure method introduced in this work requires the computation of one- and
two-electron integrals of London orbitals. Integrals are evaluated in complex arithmetic, and
corresponding recursion relationships are presented in the Appendix. In the current work,
one- and two-electron integrals of London orbitals and the complex generalized Hartree-Fock

method are implemented in the Chronus Quantum software package. [94]
2.3 Results and Discussion

The formalism of generalized Hartree-Fock in the spinor basis allows for calculations of non-
collinear spin states within the ab initio framework. With the atomic London orbitals and
associated one- and two-electron integrals, wave functions of chemical systems with multi-
spin-centers in the presence of a static magnetic field can be variationally optimized. In this
current work, we study the spin noncollinearity and magnetic phase transition of molecular
systems driven by static magnetic fields. All C-GHF calculations are done using the Chronus

Quantum software package.
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Figure 2.1. (a): The potential energy surface of an Hy molecule in a homogenous
magnetic field, |B,| = 0.001 a.u. along the —z direction. (b): The expectation
value of S, of the C-GHF solution.

The first test case is a Hy molecule in a uniform magnetic field. C-GHF solutions in the
presence of a static magnetic field were obtained with several different basis sets, including
6-31G, 6-31G(d,p), aug-cc-pVDZ, and aug-cc-pVTZ. Although differences in the absolute
energy computed with different basis sets are noticeable, the expectation values of S, at a
given magnetic field only differ by less than 3%. In the following discussion, we will only
present the results computed at the C-GHF /aug-cc-pVTZ level of theory. [24] In this test
system, the static magnetic field (1 a.u. & 2.35x10° T, based on SI units for magnetic field) is
aligned perpendicular to the molecular axis. Figure 2.1 plots the potential energy curve of an
H, molecule in a uniform magnetic field (| B,| = 0.001 a.u. along the —z direction) computed
using the complex generalized Hartree-Fock (C-GHF), complex unrestricted Hartree-Fock
(C-UHF), and complex restricted Hartree-Fock (C-RHF) with London orbitals. C-UHF
and C-RHF calculations are restricted to spin triplet (S, = 1) and singlet (S, = 0) states,
respectively. The C-GHF solution is not spin restricted. As a result, at all bond distances,
the C-GHF solution is always the lowest in energy.

From the equilibrium bond length toward the asymptotic dissociation limit, the change in

(S.) of the C-GHF solution suggests that the system undergoes a spin phase transition from
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(S,) = 0 to 1. This spin phase transition is a result of the competing driving forces of the
exchange coupling and paramagnetism. This can be understood from the perturbative and

phenomenological spin Hamiltonian including both the spin exchange coupling and Zeeman

effect,
1
H = — §J1281 . SQ — g,uBB . (Sl -+ SQ) (219)
1
= — 5J12|Sl||82’ COS(G) — g,LLBBZ(Slz —+ SQZ) (220)

where Ji5 is the exchange coupling strength, ¢ is the spin g-factor, and ug is the Bohr
magneton. For a non-collinear spin alignment in the presence of a static magnetic field in
the z direction depicted in Fig. , the spin Hamiltonian can be written as in Eq. ,
with the angle between the two spin vectors defined as #. In the collinear spin electronic
structure framework, such as RHF and UHF, 6 can only be 0° or 180°. Without spin-orbit

coupling, the exchange coupling is isotropic.

Figure 2.2. Illustration of non-collinearity of two spin vectors.

At the equilibrium bond distance, the exchange coupling is much stronger than the Zee-
man term, giving rise to the antiparallel orientation of the two electrons, i.e., a closed-shell
configuration and # = 180°. As the bond length increases, the exchange coupling decreases
exponentially, whereas the strength of the Zeeman effect remains constant. At certain bond

lengths when the exchange coupling becomes weaker than the Zeeman term, the electronic
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system undergoes a spin phase transition. This spin phase transition is a non-collinear pro-
cess where # can take on any value between 0° and 180°, and the non-collinear spin state has
the lowest energy. In this regime, only the non-collinear C-GHF can describe the electronic

characteristics of the spin system.
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Figure 2.3. Spin magnetization vector at different H-H bond lengths. (a):
Ry = 2.6 A, (S.) =0.19428, (b): Ryy = 2.9 A, (S.) =0.48588, and (c):
Rum =3.1A, (S.) =0.88685. For all cases, the magnetic field strength is 0.001
a.u. along the —z direction. The area enclosed by the mesh has a charge density
> 0.002. The size of the 3D box is 550pm(W) x 300pm(H) x 300pm(D).

Figure [2.3|shows the progression of spin vectors during the spin phase transition when the
bond length is stretched from 2.6 to 3.1 A, while keeping the magnetic field strength constant,
|B.| = 0.001 a.u., along the —z direction. When a non-zero (S,) moment is obtained in the

system, the overall spin vector is aligned opposite to the magnetic field arising from the spin
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Zeeman effect. As the spins undergo a phase transition, the angle between local spin vectors
decreases from 180° to 0°. At Ry ~ 2.9 A (Fig. ) the two local spin vectors are nearly
orthogonal, exhibiting a strong non-collinearity in the presence of a magnetic field. The
UHF and RHF solutions are restricted by collinear spin configuration, and therefore, can
not capture the progression of spin phase transition via the spin noncollinear configuration.

The framework of C-GHF with London orbitals also allows for a variational exploration of
critical magnetic field strengths that can induce a spin phase transition in molecular systems.
Figure plots the spin magnetization vector at different field strengths while keeping the
bond length fixed at 2.6 A. As the magnetic field gets stronger, the expectation value of
S, becomes greater, and a non-collinear spin phase transition is observed. In contrast to
the phenomenon in Fig. where bond stretching weakens the exchange coupling, the spin
phase transition in Fig. [2.4] arises from the increasing strength of the spin Zeeman effect, due
to the increase in magnetic field strength. At |B,| = 0.005 a.u., the spin phase transition is
already complete, and the triplet spin-collinear configuration is the lowest energy state.

Figure plots the expectation value of S, as a function of H-H bond length and mag-
netic field strength. Figure 2.5 suggests that the rate of the spin phase transition sensitively
depends on the strength of exchange coupling and spin Zeeman terms. At near the equilib-
rium bond distance with the strongest magnetic field (|B,| = 0.3 a.u.) considered here, the
spin configuration switches almost immediately. In the weak field or weak exchange coupling
regime, spins can be seen to undergo a much slower phase transition compared to those in
the strong field or strong exchange coupling regime.

Although the orbital Zeeman and diamagnetic terms in Eq. (15) do not directly modify
the spin interaction with the external magnetic field, they are important contributions to the
stability of molecular system in magnetic field and can indirectly influence spin dynamics
through perturbing the spatial extent and energetics of molecular orbitals. [87] Figure
shows the magnitudes of spin Zeeman, orbital Zeeman, and diamagnetic contributions to
the total potential energy. In the strong exchange couple regime (Rygy ~ 0.4 — 0.6 A), the

diamagnetic term has the largest contribution, followed by the orbital Zeeman term. These
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Figure 2.4. Spin magnetization vectors for Hy at different field strengths. (a):
|B.| = 0.001 a.u., (S,) =0.19428, (b): |B.| = 0.003 a.u., (S,) =0.59040, and (c):
|B.| = 0.005 a.u., (S.) = 1.0000. The H-H bond length is Ryy = 2.6 A. The
area enclosed by the mesh has a charge density > 0.002. The size of the 3D box
is 550pm(W) x 300pm(H) x 300pm(D).

two terms are different in sign with the diamagnetic term destabilizing the system energy with
respect to the field-free molecular system. In this regime, the system takes on a closed-shell
configuration. As a result, the spin Zeeman contribution is zero. As the system undergoes
a spin phase transition, the non-zero overall spin vector gives rise to an increasing spin
Zeeman contribution that significantly stabilizes the molecular system. Analysis of Fig. [2.6
suggests that in a closed-shell configuration, orbital Zeeman and diamagnetic contributions
are responsible for the interaction between the electronic system and the external magnetic

field. In an open-shell system, the spin Zeeman is the dominant driving force underlying the
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Figure 2.5. (S.) as a function of H-H bond length and magnetic field strength.
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Figure 2.6. Energetic contributions of spin Zeeman, orbital Zeeman, and dia-
magnetic terms. |B,| = 0.01 a.u.

system-magnetic-field interaction in the weak field regime. As the field strength increases,
the diamagnetic term becomes non-negligible as it increases quadratically with respect to
the field.
In order to probe the spin phase transition in a more complex magnetic molecular system,
we study the spin characteristics of a di-chromium molecular complex, [(H3N),Cr(OH),Cr(NHjz),]*,
in a uniform magnetic field. Figure|2.7]illustrates the molecular structure and computational
setup where the magnetic field is applied in +z direction, perpendicular to the Cr-O-Cr-O
plane. The molecular geometry was optimized [91] with the GAUSSIAN16 software pack-
age [32] at the B3LYP/6-31G level of theory. |9,/88,/144,/163] The electronic structures in
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Figure 2.7. The molecular structure of a di-chromium molecular complex,
[(H3N),Cr(OH)oCr(NH3)4)** that has Dgj symmetry. Each Cr atom is in a
distorted octahedral coordination environment. The magnetic field is applied in
the +z direction, perpendicular to the Cr-O-Cr-O plane.

a magnetic field were calculated using C-GHF with 6-31G London atomic orbitals in the
Chronus Quantum software package.

In the di-Cr(III) molecular complex, the octahedral ligand field splits Cr d orbitals into
e and to sets where three unpaired electrons occupy the ¢ manifold (Fig. [2.8b). In contrast
to the previous molecular Hy system where the ground state at equilibrium bond length is
in a non-magnetic closed-shell configuration, the ground state of the di-Cr(III) molecular
complex exhibits a magnetic C-GHF solution. Cr(III) cations in an octahedral coordination
environment bridged by oxygen atoms are known to have antiferromagnetic super-exchange
coupling. [18}[19,[46] The J constant in Eq. for super-exchange coupling is negative
in sign, favoring the antiferromagnetic spin alignment in the ground state ({S,) = 0, see
Fig. 2.8b). The lack of electron correlation in Hartree-Fock calculation gives rise to an
overestimation of the J constant magnitude because the correlation effect has an opposite
contribution to the magnetism. Nevertheless, qualitative characteristics and trends of
spin phase transitions can still be captured by C-GHF calculations with London atomic

orbitals.
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Figure 2.8. (a) Total energy of di-Cr(III) complex in a finite magnetic field. (b)
The expectation value of S, of the C-GHF solution.

In the absence of an external magnetic field, the ground state wave function of the
di-Cr(III) molecular complex obtained from the C-GHF calculation is antiferromagnetic.
Figure plots the relative total energy compared to that in the absence of a magnetic
field and the expectation value of S, as a function of applied magnetic field strength. When
the magnetic field is relatively weak, the system is in the antiferromagnetic state. In this
region, the super-exchange coupling is constant and the small energy change is solely due
to the orbital Zeeman and diamagnetic terms. As the magnetic field reaches a critical
point (~ 60 x 1075 a.u.) where a small change in spin alignment can give rise to a spin
Zeeman term strong enough to overcome the antiferromagnetic super-exchange coupling, the
system starts to undergo a spin phase transition. As the magnetic field strength increases,
the energy of the molecule decreases due to the increasing spin Zeeman contribution. The
change of expectation value of S, indicates that the spin state gradually switches from the

antiferromagnetic (S,) = 0 to ferromagnetic (S,) = —3 configuration (Fig. 2.8b). This
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case study suggests that C-GHF calculations with London atomic orbitals can be used to

investigate magnetic phase transitions in transition metal complexes.
2.4 Conclusion

Presented in this article is a framework of ab initio variational approach using complex
generalized Hartree-Fock (C-GHF) with London orbitals to effectively explore the spin phase
space in the presence of a homogenous magnetic field. We introduced the implementation
of the C-GHF approach within the spinor formalism. In order to account for gauge origin-
independence in the self-consistent field, the C-GHF is represented in the London orbital
basis with a magnetic field complex phase factor. Recursive algorithms for computing one-
and two-electron integrals of London orbitals are provided in the Appendix. Additionally,
a Pauli matrix representation of the C-GHF is introduced in this work that allows for the
separation of spin contributions from the scalar part of the Fock matrix.

C-GHF with London orbitals in the presence of a homogenous magnetic field has been
applied to study the spin phase transition in a molecular Hy system. Non-collinear spin
configurations have been observed during the phase transition from a singlet to triplet state.
The competing driving forces of exchange coupling and the spin Zeeman effect have been
shown to govern the spin phase transition and its transition rate. In addition, energetic
analysis suggests that in the presence of a static magnetic field, orbital Zeeman and dia-
magnetic terms are important contributions in a closed-shell configuration, while the spin
Zeeman term is the dominant interaction driving force in an open-shell state.

The variational C-GHF method with London orbitals can also be used to compute mag-
netic phase transitions in molecular complexes driven by an external magnetic field. Results
show that there exists a critical point where the spin Zeeman is large enough to compete
with the super-exchange coupling so that the spin phase transition takes place and drives
the magnetic phase transition.

The method presented in this work is based on the single Slater determinant wave function

ansatz which lacks important electron correlation effects. Future developments will use the
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variational C-GHF reference for correlated electronic structure methods which will provide

more accurate descriptions of spin and magnetic phase transitions.
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Chapter 3

AN AB INITIO LINEAR RESPONSE METHOD FOR
COMPUTING MAGNETIC CIRCULAR DICHROISM
SPECTRA WITH NON-PERTURBATIVE TREATMENT OF
MAGNETIC FIELD

Magnetic circular dichroism (MCD) experiments provide a sensitive tool for exploring
geometric, magnetic, and electronic properties of chemical complexes and condensed matter
systems. They are also challenging to simulate because of the need to simultaneously treat the
perturbations of a finite magnetic field as well as an optical field. In this work, we introduce
an ab initio approach that treats external magnetic field non-perturbatively with London
orbitals for simulating the MCD spectra of closed-shell systems. Effects of a magnetic field
are included variationally in the spin-free non-relativistic Hamiltonian, followed by a linear
response formalism to directly calculate the difference in absorption between the left and
right circularly polarized light. In addition to the presentation of underlying mathematical
formalism and implementation, the method developed in this paper has been applied to
simulations of MCD spectra of the sodium anion, 2,2,6,6-tetramethylcyclohexanone, and 3-
methyl-2-hexanone. Results are discussed and compared to experiments. The work in this
chapter is adapted with permission from S. Sun, D. Williams-Young, and X. Li. An Ab
Initio Linear Response Method for Computing Magnetic Circular Dichroism Spectra with
Non-Perturbative Treatment of Magnetic Field. J. Chem. Theory Comput., 15:3162-3169,
2019.

3.1 Introduction

Magnetic circular dichroism (MCD) is an important class of magneto-optical spectroscopy

in which the probing field is a circularly polarized optical light in the presence of a static
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magnetic field. [6] The application of a magnetic field couples the (spin and/or orbital) an-
gular momentum of the system to the field. This affects both the positions and intensities of
peaks in the electronic spectrum: the former due to an energy shift of each electronic state,
and the latter due to perturbations to the wavefunction. This often leads to a breaking of
degeneracies and allows for the in-depth spectroscopic study of the fine structure of ma-
terial systems. Excitingly, because optically active (“bright”) and inactive (“dark”) states
can be coupled together, spectroscopic methods performed in a magnetic field can probe
quantum states that are otherwise inaccessible at zero field. Because MCD experiments pro-
vide a sensitive tool for exploring geometric, magnetic, and electronic properties of chemical
complexes and condensed matter systems, they are widely used in chemistry, biology, and

materials research.

Interpreting and understanding MCD spectra has been traditionally based on the first-
order perturbative model, [11,[73.|103}/119,/143|

2 D> [ﬂj( LY (h‘(‘;i;wh‘”“")) n (% n %)f(hw - fww)] (3.1)
<7; term, which has a derivative band-shape, arises when the degenerate excited states are
split due to Zeeman effect. Perturbation of the transition dipole gives rise to %, term, which
is the most common effect in MCD. The %y term is modulated by the Boltzmann distribution
of the ground state when degenerate ground states are split by Zeeman effects. The % term
is relatively weak compared to the @7; and %; terms, as such it will only be obvious when

there are no .«7; and % term contributions, e.g., in a low symmetry closed shell molecule.

Over the past two decades, there have been many successful developments to compute
MCD spectra in the perturbative regime, including single residue of the quadratic response
function; [17] the complex polarization propagator method; [82,/141,[142] a sum-over-states
expression using truncated configuration interaction, with perturbative treatment of the

magnetic field and spin-orbit coupling; [61}62] magnetically perturbed time-dependent den-
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sity functional theory (TDDFT); [133,/134,[137] and multi-configurational self-consistent-field
with quasi-degenerate perturbation theory to include Zeeman effects with spin-couplings.
[37,139,/55] In addition, solvent effects on MCD spectra are also considered. [72}|140] Us-
ing London orbitals to remove the gauge-dependence of finite atom-centered basis set has
been applied in the perturbative calculations of MCD at the level of coupled-cluster, [16,74]
Hartree-Fock, and DFT. [75]81]

To the best of our knowledge, there are only two approaches to compute the MCD terms
with variational treatment of magnetic field. Linderberg and coworkers used the random-
phase-approximation (RPA) in the presence of a static magnetic field with semi-empirical
evaluation of London orbital integrals to simulate the MCD % term [128]. Bertsch and
coworkers included the orbital Zeeman effect in the local-density-approximation (LDA) using
RT-TDDFT integrated over a spatial grid to simulate .7~ and %-term contributions. |89

For many-atom systems, electronic structure calculations in the presence of electromag-
netic fields become unphysically dependent on the choice of the arbitrary gauge-origin. This
is due to the use of atomic-centered orbitals, basis set incompleteness, and truncated ex-
pansion of the field-matter interaction, i.e, physical observables become dependent on the
origin of the electromagnetic field. [22}29,30,38, 59,84} 90,/127] Among various approaches
to correct for the gauge-origin problem, electronic structure methods using London type
orbitals [23}|101] provide the most satisfactory solution. [4}/10,56,57,[80.|/167]

In the perturbative treatment of magnetic field effects, explicit electron integrals of Lon-
don orbitals are not necessary. However, in the non-perturbative variational approach,
complex-valued London orbital integrals must be explicitly evaluated in order to remove
the gauge-origin dependence. General recursion relationships for one- and two-electron in-
tegrals using London orbitals were pioneered by Helgaker and were recently implemented in
the complex generalized Hartree-Fock framework. [65,1241|131}153}/156]

In this work, we introduce an ab initio approach that treats external magnetic field non-
perturbatively with London orbitals for simulating MCD spectra of closed-shell systems.

This method can describe 7 and % term contributions to the MCD spectrum in a uniform
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way. Effects of a magnetic field are included variationally in the spin-free non-relativistic
Hamiltonian, followed by a linear response theory to obtain the MCD spectrum using a for-
malism that directly computes the difference of absorption between left- and right-circularly

polarized light.

3.2 Methodology

3.2.1 MCD Hamultonian of a Closed-Shell System

In order to simulate MCD spectra, the fundamental Hamiltonian needs to address perturba-
tions from both a static magnetic field and an oscillating optical field. In the non-relativistic
framework, the interaction of an electron with external fields in an MCD experiment can be
described by the following one-electron Hamiltonian. In this work, we focus on MCD spectra
of closed-shell molecular systems, therefore, the spin-Zeeman contributions do not enter the

Hamiltonian.

1
h:§(p+A)2—U+V (3.2)
1, 1, 1 ) 7
= —= ~(— By +=(B P
2V +2( ir x V) M+8(M><r)+A|r_RA|
1
—UW+AW-p+§A§V+AW~AM (3.3)

where A and U are the total vector potential and scalar potential of the external fields,
respectively. p = —iV is the momentum operator and V' is the nuclear attraction potential.
The total vector potential A includes an applied static magnetic field and a probing optical
field (or a plane wave), A = Ay + Ay . Since Uy = 0 for a static magnetic field, only the
scalar potential of the probing plane wave remains in Eq. . We used the relationship

between the vector potential and the static magnetic field (Bys), Ay = %B M X T.

Using the electric-dipole approximation in the length gauge for the interaction between

the system and the probing plane wave and the relationship Ey (r,;t) = —V Uy (r,t) —
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%Aw(r, t), the final working Hamiltonian for simulating MCD experiment is:
1 1 1 Z A
h=—=-V*+ _(—i By +-(B 2 § — _ _r.E 3.4
5 +2( ir x V) M+8(Mxr)+A]r—RA| r- Ey (3.4)

Note that in Eq. (3.4), higher order perturbations arising from interactions between the
electronic system and the probing optical field, such as the electric-quadrupole and magnetic-

dipole terms, are ignored.

In the following discussion, we remove the subscript notations “M” and “W” for simplic-
ity, however, readers should keep in mind that B and E fields originate from two different

external perturbations.

The second term in Eq. (3.4) includes orbital Zeeman contributions, and the third term is

the diamagnetic contribution. This is quadratic in the strength of the magnetic field, which

is expanded in Eq. ([2.16))

The total one-electron Hamiltonian Eq. (3.4]) can be separated as h(t) = ho+V (), where
the time-dependent perturbation, V' (t) = —r - E(t), is the electric-dipole interaction, and hy

is the time-independent reference Hamiltonian,

1 1 . 1 Za
ho=—-V?+ =(— -B —(B 2 S - 3.5
0= "5V Fo(irx V) B+ (Bu xr) +;|T—RA| (3:5)

The separation of time-dependent and time-independent contributions to the total Hamil-
tonian allows different procedures to treat the separate external perturbations in an MCD
calculation. Instead of using perturbative treatments for both the static magnetic and oscil-
lating optical fields, we introduce a semi-variational approach in which the wave function is
variationally optimized in the presence of a static magnetic field (Sec. and the response
to the oscillating circularly polarized optical field is taken at the weak-field limit (Sec. .
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3.2.2  Ground State with Variational Treatment of Magnetic Field using London Orbitals

In the numerical implementation developed in this work, the Hamiltonian is cast in an atomic
basis. In restricted Hartree-Fock, the molecular orbitals {¢;(r)} are expanded in terms of a

set of complex London orbitals {x,(r,ka)},

$;(r) =Y CiXulr,ka) (3.6)
)NC,U(I" kA) = Xu(r - RA)eikA.(r_RA) (37)

where {x,(r — Ra)} are real Gaussian type atomic orbital (AO) basis functions centered at
R 4. The exponential form of the London orbital phase factor defines the local gauge origin
at each nuclear center in the presence of magnetic field with a plane wave vector described
by k4 = %, where B is the external magnetic field.

The one-electron integral for any one-electron operator O, with London orbitals can be

defined as
O = (#|O1]v) = /dngZ(r,kA) O1 % (r, kp) I/d?’rfcu(r, —ka) O1 %, (r, k) (3.8)

and the electron repulsion integrals (ERIs) are,

Gu(rs ka) X (1, k)Xo (v, k) Xa(rz. K
(nv|r) = / dr, / gip, X1 KX (1, Kp) X (ra, ko)X (rz, ko)

v — 1y

(3.9)

In a perturbative treatment of the static magnetic field, explicit electron integrals using
London orbitals with a finite field are not needed. |16}|74,(75,81] However, for the varia-
tional approach, complex-valued London orbital integrals must be evaluated. For details
on integral evaluation using London orbitals, we refer readers to Refs. 65,/153,|156. Inte-
grals are evaluated in complex arithmetic, implemented in the Chronus Quantum software
package. [94]

Using the formalism of restricted Hartree-Fock for closed-shell systems, the time-independent
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Fock matrix is defined in Eq. (2.17), which can be written as,

) .
Fy = T+V+J[Po]—§K[P0]—%L-B

1

+ 5 {(B) + B)duw + (B + Bl)ayy + (B; + B))d-

— 2B,Byq,y — 2B, B.qy. — 2B, B.q,.} (3.10)
where L,, = (Xu|r X V|x,) is the orbital-angular momentum integral , and (Qum)w =
(Xu|PnPm|Xy) 1s the electric quadrupole integral. The density matrix is defined as

N/2

Poyw =2 CuCy, (3.11)

where N is the number of electrons.

The Coulomb (J) and exchange (K) matrix elements are,

Tuw[Po] =Y (1v]kA) Py an (3.12)
AK
K. [Po| = Z(MM“V)PO,M (3.13)

Because the fundamental electron integrals are complex-valued, in this work, we use
complex restricted Hartree-Fock (C-RHF) as our reference. Note that since ERIs using
London orbitals are complex-valued, they only have a four-fold symmetry instead of eight,

as in the case of real-valued ERIs,
(1v|KA) =(kA|pv) = (vp[Ar)* = (Aklvp)* (3.14)

3.2.8  Perturbation of Left/Right Circularly Polarized Light

In this work, we only consider the electric-dipole contribution to the MCD spectrum (Eq. (3.4))).

Higher order multipole moment contributions, such as electric-quadrupole and magnetic-
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dipole arising from the system-light interaction, are ignored.

In an MCD experiment, the direction of magnetic field is usually made parallel to the
propagation direction of incident light. Defining the direction of the incident light as ~,

where «y can be {z,y, z}, the circularly polarized dipoles are

1

[y = E(Ma —ipp) (3.15)
1y = %(ua + i) (3.16)

where {«, 5,7} = {z,v, 2}, {y, z,x} or {z, z, y}, following the right hand rule. The difference

of absorbance between left- and right-polarized light per photon energy can be written as

A Sl 72 12 /
R +dl:FZZ§<!<0}/~L§U>| — 1O || TY P f(hw — ) (3.17)
J oy

where primed notations refer to quantities calculated in the presence of a static magnetic
field, & = hw is the energy per photon, d is concentration of solution in mol/L; [ is the
length of the path through the sample in centimeters, [119] «y is the direction of propagation
of incident photon, f(hw — fwy);) is the band shape function, and fwy; is the excitation
energy from ground state to the excited state J in the presence of a static magnetic field.
Note that Eq. takes on an isotropic average of all directions of incident light and
applied magnetic field where the summation of v runs over z,y,z. The derivation of the

rotational average can be found in Reference 119.

I" is the a collection of physical constants defined as |119)

r— Nom?a?d 1 logyge
250 hcn

(3.18)

where « is the permittivity and n is the index of refraction.

The difference between oscillator strengths of left- and right-circularly polarized light for
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excited state J can be written as [119]:

_ / / .
S U [ ) P =10 [ ) 1P) =0 eapy (Olptal J)7 (] 1] 0) (3.19)
v apBy
where €, is Levi-Civita symbol (€, = €20 = €20y = 1, €yzz = €42y = €,y = —1, otherwise

0). We use superscript 7 to explicitly denote the direction of the applied magnetic field.

Substituting Eq. (3.19) in Eq. (3.17), we reach the working formalism for computing
MCD spectra,

=T (1 o Ol I l0) ) p(h - ) (320

J afy

Compared to the conventional definition of the Z term in perturbation theory, one can

define the MCD strength of excited state |.J) as

i 2apy €apy (0 lpal J)” (T gl 0)

R; =
73 15|Bl

(3.21)

where pp is Bohr magneton. If the magnetic field does not split excited states of different M,
that belong to a same orbital angular momentum quantum number, the first order approx-
imation of R; becomes %; in the perturbative treatment. The MCD strength (Eq. )
is written in atomic units, whereas the conventional experimentally reported unit is D? - cm,
where D is Debye. |[119] The conversion for R; from atomic units to the conventional unit

of D? -ecmis 1 a.u. = 2.944 x 107°D? - cm.

The perturbative approach (Eq. ) is formulated in terms of the state-specific field-free
parameters <7, ;,%;. In contrast, Eq. directly computes MCD observables using
a variational treatment of the external finite magnetic field. Compared to the perturbative
approach, the expression in Eq. contains «; and A, terms, and their higher order

contributions.

Without an applied magnetic field, the absorbance difference between left- and right-
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circularly polarized light is zero for electric circular dichroism (ECD) inactive molecules (or
natural optical inactive molecules). In the presence of a static magnetic field, the imaginary
part of transition dipole ({0 |uq|J)” and (0 |ua| J)") has nonzero contribution to the MCD
strength, [6] which can be understood directly from Eq. . Since the excitation energy
w? is computed in the presence of a magnetic field, the breaking of excited state degeneracies,
i.e. the &7 term, as a result of orbital Zeeman and diamagnetic effects are also included in
Eq. . For closed-shell molecules, there is no spin degeneracy in the unperturbed ground
state. In addition, the optical gap of a molecular system is usually larger than kg7, where
kg is the Boltzmann constant. As a result, almost all molecules are in the ground state in

experimental temperature, and thus the equivalent ¢ term contribution can be ignored.

The computational approach introduced here (Eq. (3.20))) has a unique advantage that
it only requires the computation of a single response to external optical perturbation due
to the variational treatment of a finite magnetic field in the reference state. In contrast,
perturbative approaches, such as the sum-over-states expression, require computations of all
excited states. [82,/132] Complex polarization propagator methods [141,/142] need to numer-
ically resolve quadratic response functions at different frequencies, but can be advantageous
in the high density-of-state region. Alternatively, .o7; and %, terms can be computed via
the evaluation of the derivatives of transition density and excitation energy with respect to

magnetic perturbation. [133,/134]

3.2.4 Linear Response C-TDHF

In order to compute MCD spectra using Eq. , electronic optical excitations need to be
computed in the presence of a finite magnetic field. In this work, this is achieved using the
linear response complex time-dependent Hartree-Fock (C-TDHF) approach. The reference
of C-TDHF is the solution of C-HF with the finite magnetic field included variationally.
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The working equation of TDHF is given as

A" B? X I 0 X7
=’ (3.22)

B A™) \Y? o -1} \y»
Baipj = (ail[bj) (3.23)
Agipy = (ail|7b) + 5ab5z‘j(€a —€) (3.24)

where ~v is the direction of the applied finite magnetic field in the ground state reference.
Note, since the GIAO integrals and C-HF are used, matrix elements in Eq. (3.22)) are complex

valued.

Given the direction 7 of the applied uniform magnetic field, the corresponding transition

dipole can be assembled from the transition density.
(0]pal 1) ZZ il1ta] @) XG5+ (alptal ) Y] 0) s pra € {pas prys i} (3.25)

where i and a sum over occupied and virtual molecular orbitals (MOs), respectively, and

(a|pa] ) and (i |uq|a)” are the dipole integrals in MO basis.

3.3 Computational Detail

To obtain the transition dipoles required in Eq. , three separate linear response C-
TDHF calculations were carried out with a magnetic field applied in the z, y, and z directions.
Gauge including atomic orbitals (GIAO) were used to eliminate the gauge origin dependence
in the variational treatment of the finite magnetic field described in Sec.[3.2.2] The geometries
of molecules were optimized with the BBLYP functional [9,88,107] with a 6-31G(d) basis set
[31,52] without a magnetic field using the GAUSSIAN16 computational chemistry software
package. [33] C-TDHF calculations in magnetic field using the GIAO 6-31G(d) basis set were
performed in the CHRONUS QUANTUM open source package. [94] Computed spectra are
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broadened with a normalized Gaussian function.

fr(w) = \/%1(11 exp {— (w ;wa,)Q] (3.26)

where w and w’; are in atomic units. A major advantage of MCD over absorption spectra
of linear polarized light is that MCD can resolve Zeeman effects with a higher resolution.
This can be seen via a simple mathematical exercise using Gaussian broadening function, as

shown in the Appendix.
3.4 Benchmark and Discussion

3.4.1  Sodium Anion

The existence of sodium anion was experimentally confirmed from an MCD measurement,
with an absorption peak at ~600 nm resulting from the s — p orbital transition. [139]
An external magnetic field introduces orbital Zeeman interactions that break the three-fold
degeneracy of the p orbitals, illustrated in Fig. [3.1] This gives rise to two peaks of opposite
sign which leads to a derivative shape, shown in Fig. [3.2] The effects of magnetic field on
the wave functions and properties of the ground and excited states are fully accounted for by
treating the magnetic field variationally. As a result, &/ and % terms as well as their higher-
order contributions are included in the simulated results. In comparison, it is required by
perturbation theory to include infinite orders of magnetic field perturbations to fully describe
the effects.

Computed excitation energies and associated MCD strengths are listed in Tab. 3.1 In
this calculation, a magnetic field of 5.0 x 107° a.u. (~11.75 T) was applied and the MCD
spectrum was computed using the method introduced here. The relatively large magnitude
of the magnetic field is chosen in the calculation to avoid numerical noise and instability.
Note that we only present the MCD intensity in arbitrary unit because the concentration,
d, and length of the path of light, [, are not defined in the experimental literature. The
center of the computed MCD band is located at ~720 nm. We do not expect a quantitative
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why/eV  R/x10° a.u.

1.72587 —11.1937
1.72655 0.0000
1.72723 11.1937

Table 3.1. Excitation energies and MCD strengths of Na~ s — p transitions in
a b x 1075 au. (~11.75 T) magnetic field.

agreement with the experiment as the experimental conditions are not modeled in this work.
Nevertheless, the derivative band-shape of the Na~™ MCD spectrum is obtained using the

variational method introduced here.

1p (=)= g

A -1

hv_ hv,

1S
B=0 B+0

Figure 3.1. Illustration of splitting of the Na™ s — p transition. Without the
external magnetic field, the excited states have a three-fold degeneracy. In the
presence of a finite magnetic field, excited states of different Mj, values split.

3.4.2  2,2,6,6-tetramethylcyclohexanone

In the absence of excited state splitting, the main effect of an external magnetic field comes
from the perturbed transition dipole moment, giving rise to the perturbation-theory equiv-
alent %4 ; term contribution.

MCD calculation of 2,2,6,6-tetramethylcyclohexanone in a 2.106 x 107> a.u. (~4.95 T)

magnetic field is carried out. In order to be consistent with experimental measurements,
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MCD

1
600 650 700 750 800 850
nm

Figure 3.2. Simulated MCD spectra of Na~ s — p transitions in a 5 x 107°
a.u. (~11.75 T) magnetic field. An arbitrary unit and Gaussian broadening with
o = 0.035 are used.

the computed MCD spectrum is presented as the magnetic-field normalized molar ellipticity,
[6]ps. The calculation of [f]y, in the conventional unit of Degree(mol/L) 'm~'Gauss™,
is [0]p = 0.0014802) ", Rywf(hw — hw],;) where R;, w, and f are computed in atomic
units. [134]

The computed MCD spectrum of 2,2,6,6-tetramethylcyclohexanone is shown in Fig. |3.3]
and the associated excitation energy and MCD strength are reported in Tab. The peak
at ~4.8 eV is characterized as the n — 7* transition. Although the computed result is of
the correct 4 sign, the center of the peak is blue-shifted compared to the experimental value
of 4.1 eV. [7] In addition, the magnitude of peak intensity is higher than that measured in
experiment. This is likely due to the lack of solvent effects and electron correlation in the

current work.
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Figure 3.3. Simulated MCD spectrum of 2,2,6,6-tetramethylcyclohexanone in a
2.106 x 1075 a.u. (~4.95 T) magnetic field. Gaussian broadening with o = 0.011

is used.
why/eV R/a.u.
4.79665719 0.038400153724942
Table 3.2. Excitation energies and MCD strengths of 2,2,6,6-

tetramethylcyclohexanone n — 7* transition in a 2.106 x 107° a.u. (~4.95 T)
magnetic field.

3.4.8  3-methyl-2-hexanone

For natural optical active molecules, such as (R,S)-3-methyl-2-hexanone shown in Fig. |3.4.1
and Fig. [7] electronic circular dichroism (ECD) spectra can be obtained in the absence
of a magnetic field, however, ECD signals disappear if the ensemble consists of equal amounts
of R- and S-enantiomers. In this case, MCD spectra are particularly useful as the effect of
an external magnetic field can make the MCD signal visible.

Figure shows the simulated MCD spectra of 3-methyl-2-hexanone in a 2.106 x 107°
a.u. (~4.95 T) magnetic field and the associated numerical values are reported in Tab. [3.3]
The strength of the magnetic field used is comparable to that used in the experiment. [7]
The calculated MCD spectra of (R)- and (S)-3-methyl-2-hexanone are of the same ‘—’ sign,

in agreement with experiment. [7] As a result, even if the sample consists of equal amounts



95

O O

\/\)J\

Figure 3.4.1. Molecular structure of Figure 3.4.2. Molecular structure of
(R)-3-methyl-2-hexanone (S)-3-methyl-2-hexanone

of R- and S-enantiomers, one still can measure the MCD signal. The excitation at ~4.97
eV (~250 nm) arises from the excitation from the lone pair electron of oxygen to the 7*
anti-bonding orbital of the CO double bond. The peak position of the calculated spectrum
is about 20 nm blue-shifted compared to the experimental value, [7] however, the height of

the peak is similar to experiment.

x10° ) [8]y
LN

]
[=2]
1
T

-8 T T T T T T
200 220 240 260 280 300 320 340
nm

Figure 3.5. Simulated MCD spectra of 3-methyl-2-hexanone in a 2.106 x 107°
a.u. (~4.95 T) magnetic field. Gaussian broadening with o = 0.011 is used.
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wps;/eV  Rjaau.
4.96819 —0.002011

Table 3.3. Excitation energies and MCD strengths of 3-methyl-2-hexanone in a
2.106 x 107° a.u. (~4.95 T) magnetic field.

3.5 Conclusion

In this paper, we presented a mathematical formalism and implementation of an ab initio
method with non-perturbative treatment of magnetic field for computing magnetic circular
dichoism spectra of closed-shell systems. The approach developed in this work utilizes a spin-
free non-relativistic Hamiltonian as the ground state reference that variationally includes
the effects of a finite magnetic field, including orbital Zeeman and diamagnetic terms. MCD
spectra are computed using the linear response formalism and direct calculation of left- and
right-circular polarizations. In order to remove the gauge-origin dependence, London orbitals
are used explicitly in the non-perturbative treatment of the finite magnetic field.

The method developed in this paper has been applied to simulations of MCD spectra
of sodium anion, 2,2,6,6-tetramethylcyclohexanone, and 3-methyl-2-hexanone. Results are
discussed and compared to experiments, and all computed benchmark spectra were able to
return spectra with the correct sign. Particularly, the derivative band-shape of Na= MCD
spectrum was obtained using the variational method developed here, however, due the lack
of electron correlation effect, the computed peak positions are not in good agreement with
experiment. Nevertheless, the electronic transition characteristics in an MCD measurement
can be correctly obtained at a low computational cost using the method developed in this

work.



57

Chapter 4

RELATIVISTIC EFFECTS IN MAGNETIC CIRCULAR
DICHROISM: RESTRICTED MAGNETIC BALANCE AND
TEMPERATURE DEPENDENCE

Magnetic circular dichroism of transition metal complexes and open-shell systems are
challenging to simulate and analyze, mainly due to the interplay of spin-orbit couplings
and finite-magnetic-field induced Zeeman effects with the complex selection rules dictated
by the circularly polarized light. In this work, we introduce an ab initio relativistic two-
component formalism based on the restricted magnetic-balanced Hamiltonian for simulating
MCD spectra. Both homogeneous finite magnetic field and relativistic effects are included
variationally in the ground state reference. Finite-field London orbitals are used to enforce
the constrained gauge-origin independence in the calculation using localized atomic orbitals.
Through benchmark studies of AuCl;, Pt(CN)3~, and Mo(CN)3~, we discuss how relativistic
effects are manifested in MCD for both closed-shell and open-shell molecular complexes
and how the interplay between spin-orbit coupling and magnetic field modulates the MCD
selection rules. Finally, an investigation on temperature-dependent MCD is carried out and
compared to experiment. The work in this chapter is adapted with permission from S. Sun
and X. Li. Relativistic Effects in Magnetic Circular Dichroism: Restricted Magnetic Balance
and Temperature Dependence. J. Chem. Theory Comput., accepted.

4.1 Introduction

Computational modeling of spectroscopy is an indispensable tool for characterizing optical
properties of molecular complexes. Although excited state calculations are routinely used

to interpret linear absorption spectra and successful stories abound, computational methods
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for studying magnetic circular dichroism (MCD) are not at the same level of practicality for
analyzing experimental spectra and providing theoretical insights. Due to the complexity
of the underlying MCD transition mechanism, the peak assignment can be difficult and
ambiguous without the aid of an accurate theoretical method.

An MCD spectrum is the difference in absorption between left- and right-circularly po-
larized light, measured in the presence of a uniform magnetic field with a component in
the direction of the propagation of the light. MCD is considered a relativistic spectroscopic
method in which absorption signals are driven by the interplay of an external magnetic field,
spin-orbit coupling, and probing circularly polarized light, which are described through the
use of the Dirac Hamiltonian. Spin-orbit coupling is essential for both open-shell molecules
as it gives rise to a unique temperature-dependence in the MCD spectra, and for closed-shell
transition metal or heavy-element complexes as it allows for spin-forbidden transitions which
appear in the spectra. Accurate prediction of MCD spectra requires appropriate treatment
of magnetic field and spin-orbit coupling on equal footing. Simulations of MCD spectra can
be generally categorized into perturbative and variational approaches.

In the perturbative regime, numerous approximations have been developed including
single residue of the quadratic response function; [17] the complex polarization propagator
method; [82,|141},|142] a sum-over-states expression using truncated configuration interac-
tion, with perturbative treatment of the magnetic field and spin-orbit coupling; [61}62]
magnetically perturbed time-dependent density functional theory (TDDFT) with spin-orbit
coupling treated perturbatively using the ZORA Hamiltonian; |133},134,137,/138] and multi-
configurational self-consistent-field with quasi-degenerate perturbation theory to include Zee-
man effects with spin-couplings. [37}39,55]

Variational approaches are more challenging to develop due to the need to use a multi-
component, complex-valued wave funtion requiring novel integrals. In the Dirac Hamiltonian,
magnetic field effects can be introduced through the minimal coupling 7w = p+ A, where p is
the linear momentum and A is the vector potential for electrons. By variationally including

spin-orbit coupling and magnetic field effects in the reference Dirac Hamiltonian, a time-
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dependent perturbation theory can be used to simulate MCD spectra and, in principle, the
resulting spectrum satisfies the MCD selection rules, which are discussed later. There are
only a few developments in the variational domain which consider the effects of magnetic field
within the random-phase-approximation (RPA), linear response TDHF, [128]/152] or the real-
time time-dependent density functional theory (RT-TDDFT) frameworks. [89,|151] In this
previous work, only magnetic field effects were variationally included in the non-relativistic
Hamiltonian. As a result, they can only be applied to simulations of MCD spectra on
closed-shell systems with light elements. Open-shell molecular complexes can give rise to
a temperature-dependent MCD feature which requires the inclusion of varationally-treated

spin-orbit coupling.

When both spin-orbit coupling and magnetic field are considered in the Dirac equation,
cast in a Gaussian basis, the magnetic balance condition between the large and small compo-
nent bases is preferred over the kinetic balance condition. [3,85|/115] The restricted magnetic
balance was implemented with four-component methods for the simulation of nuclear mag-
netic resonance shielding constants. |78 It was later combined with gauge-including atomic
orbitals (GIAO) to enforce the gauge-origin independence in both the four- [14}77,/113}/124]
and two-component [53,96,150}/170,,/171] relativistic formalism.

In this work, we introduce a fully variational two-component relativistic approach for
computing the temperature-dependent MCD spectrum with a special theoretical focus on
the magnetic balance condition in the presence of a finite magnetic field. Through bench-
mark studies we will discuss how relativistic effects are manifested in MCD for both closed-
and open-shell molecular complexes, and how the interplay between spin-orbit coupling and
magnetic field modulates the MCD selection rules. Finally, an investigation on temperature-

dependent MCD is carried out.
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4.2 Theory of Exact-Two-Component in the Uniform External Magnetic Field

4.2.1  One-Electron Dirac Hamiltonian in Magnetic Field

The one-electron Dirac equation (in the atomic units) in the magnetic field is:

1% . L L
S I L Y (4.1)
co-m V-2 al Tl

where c is the speed of light, and ¥” and ° are the large and small components of the

bi-spinor wave function. In Eq. (4.1)), we used the mechanical momentum 7 = p + A that

includes the linear momentum p = —iV and the vector potential A for electrons.

The relationship between the small component relative to the large component can be

obtained from Eq. (4.1)):

C

i (AL -

As the vector potential in the mechanical momentum is related to the magnetic field through
the expression, A = %B x r, Eq. 1} gives rise to the restricted magnetic balance condition
between the large and small components of the wave function:

lim 2mcy® = o - wY* (4.3)

c——+00

or the basis set relation:

x° =0 my* (4.4)

Equation (4.4) is the so-called restricted magnetic balance condition. [115]

In order to obtain a Hamiltonian expression that fulfills the magnetic balance condition,

the four-component wave function is transformed into a large and pseudo-large component



61

basis:
Pt [
ol g

using the following transformation matrix:

T = . (4.6)

o7
02 2c

In the basis of large and pseudo large component, the one-electron modified Dirac equa-

tion is:
VI, %(o- 7)) (o - ) e . I 0, WE
s m o) (o mVie ) - emem | gt 0, —=mz= ) \o*

(4.7)

In the non-relativistic limit, i.e., the speed of light, ¢, goes to positive infinity, Eq. (4.7)) is
reduced to:
1

5(0’ (o - w)ot + Vot = Byt (4.8)

which is the non-relativistic Pauli Hamiltonian in the presence of a magnetic field. [145,
151H153] The asymptotic, non-relativistic limit of Eq. (4.7) as ¢ — oo suggests that re-
stricted magnetic balance can give rise to a smooth transition from a fully relativistic to

non-relativistic treatment of electronic structure.

In a uniform magnetic field, the following expressions can be derived for Eq. (4.7)):

%(U.ﬂ.)(a.w):_%v%r%(a—irxV)-B+é(B><r)2 (4.9)

(o-mV(e-w)=(oc-p)V(c-p)+(pV-A+AV - p)
+io- (pV x A+ AV xp)+ AV - A (4.10)

The first term in Eq. (4.10)), (o - p)V (o - p) gives rise to pV - p +io - pV X p, which are
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the spin-free and spin-coupling terms. Vector potential dependent terms in Eq. (4.10]) can

be written in terms of the magnetic field B:

pV-A+AV .p= %{Bx[(vywz 1.V, = (VaVry + 1,V V)]

By[(V.Vry +1,VV.) = (VoVr, +7.VV,)]

B.[(V.Vry +1,VV,) = (VyVre + 1,V V,)]} (4.11)
1 1
(pV x A+ AV x p), = Z §BH(7’HVp# —p V) + §Bn(p#V'ru —7,Vp,) (4.12)
n

AV - A =aVa(B:+ B)) +yVy(B: + B2) + 2V (B + B)

—2Vy2B,By —yV22B,B, — 2xV 2B, B, (4.13)

where k, 1 € {z,y, z}. It is clear that operator VzVr, —r,V Vp is Hermitian, thus Eq. (4.12)
is anti-Hermitian, and the operator r,V'Vg + VgVr, is anti-Hermitian, thus Eq. (4.11)) is

Hermitian.

4.2.2  Ezxact-Two-Component Transformation in Magnetic-Balance Condition

The four- to two-component transformation seeks to decouple the positive and negative
energy solutions in the Dirac equation. The magnetic-balanced, modified Dirac Hamiltonian
(Eq. ) allows the same basis to be used for the large and pseudo-large components in
the bi-spinor representation. Each spinor is formed as a product of spatial basis with spin
functions f = {x} ® {«, 5} where ¥ is a gauge-including atomic orbital basis. In the spinor

basis, the matrix representation of the restricted magnetically-balanced Dirac equation is:

\Y% M C/ C; S 0 Cf C;\ (e 0 (4.14)
M Lw-M/ \ci C; 0 LM/ \ci c5/ \o e
1
My = {ful5(e -m)(e - )| fi) (4.15)

Wiy = {ful(o - m)V (o - 7)) (4.16)



63

where S and 'V are the block-diagonal two-component overlap and potential energy matrix,
and {¢!}, {¢, } are the sets of positive/negative eigenvalues with corresponding molecular
orbital coefficients (C; C§%)T for the positive and (C; Cg)* for the negative energy
solutions.

Following the procedure in Ref. [117], the non-unit metric of the magnetically-balanced

four-component equation, Eq. (4.14), is eliminated through the transformation:

S 0 I 0
K' K = (4.17)
0 =M 01
K 0
K = . (4.18)
0 2cKv2t

where the two-component matrix K is obtained by solving the following eigenvalue equation:
MK = SKt (4.19)

where t is the diagonal matrix of the eigenvalues. Note that in the presence of magnetic

fields, the full two-component matrices of M and K must be used in the orthogonalization

procedure, since the magnetic field breaks the time-reversal symmetry of the Hamiltonian.
It is easy to show that K diagonalizes both the magnetic balance M matrix and the

overlap S matrix:

K MK =t, KISK=1I (4.20)
The four-component, magnetically-balanced Hamiltonian can then be transformed:

KIVK cV/2t
H™ = K'HK = . . (4.21)
o2t V2t Ki(o-m)V(ie m)KV2t —2¢

Upon diagonalizing the orthonormalized four-component Hamiltonian (Eq. (4.21))), the
exact-two-component (X2C) [27,28,42,64,79,86,95,98-100, 116, 117,126,154] transformation
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in the restricted magnetically-balanced condition can be carried out. The two-component

electron-only X2C Hamiltonian can be constructed as:

Hyoo = (K ) RUKTVK+ev2tX+Xev2t+ X [V2t K (o-m)V (o-m)KV2t  —2¢3 X RK ™!

(4.22)
where the X matrix is built using the MOs in the orthogonal basis:
X =C ! (4.23)
and the normalization matrix R is:
R=(I+XX)"> (4.24)

The restricted magnetically-balanced two-component Hamiltonian in Eq. allows
for including magnetic field perturbations variationally in the relativistic Dirac equation.
It ensures that the solution is bound from below in the two-component formalism so that
variational procedures can be applied to obtain the ground state wave function in the presence
of a magnetic field. The restricted magnetic balance was used with X2C to calculate nuclear
and electronic magnetic resonance parameters, including the hyperfine coupling, J-coupling,

and g-tensor, within a response theory at the zero-field limit. [5,(149}/166]

4.2.83  Gauge-including Atomic Orbital

For many-atom systems, electronic structure calculations in the presence of electromag-
netic fields become unphysically dependent on the choice of the arbitrary gauge-origin.
[22,129,130,|38459}, /84,90, 127] Among various approaches to correct for the gauge-origin prob-
lem, electronic structure methods using London type orbitals [23|101] provide the most
satisfactory solution. [4,10}56,57,/80,/167] Using London orbitals to enforce the constrained

gauge origin independence for finite atom-centered basis set has been applied in the per-
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turbative calculations of MCD at the level of coupled-cluster, [16,[74] Hartree-Fock, and
DFT. [75,81] Variational approaches require the use of finite-field gauge-including atomic
orbital (GIAO) which has been implemented in Hartree-Fock and time-dependent Hartree-
Fock [124,130,/131}/145/[152,/153,156], coupled-cluster [51,{146], configurational interaction, [87]
DFT and TDDFT methods [123,/151,/157]. Recently, finite-field GIAO has been used in
variational calculations of MCD for closed-shell systems. [151,[152] In this work, finite-
field GIAOs are implemented in a non-collinear formalism of the two-component relativistic

DFT/TDDFT framework. [28,76,118]

4.3 Theory of Temperature-Dependent Magnetic Circular Dichroism

Interpreting and understanding MCD spectra has been traditionally based on the first-order
perturbative model: [11}73,103,[119}|143]

A;/ sy [ %< B 8f(hc:; f;whww)) . (% . l‘%) Flho MOJ)} (4.25)

where pp is Bohr magneton and T is a collection of physical constants [119]. & = hw is the
energy per photon. f(hAw — huwgy) is the band shape function, which is often chosen to be a
Gaussian function. fwgy is the excitation energy from ground state to the J** excited state
in the absence of a electromagnetic field. .o7; term arises when the degenerate excited states
are split due to Zeeman effects. Perturbation of the transition dipole gives rise to % term,
which is the most common effect in MCD. The % term is modulated by the Boltzmann
distribution of the ground state when degenerate ground states are split by Zeeman effects,
and is the origin of the temperature dependent features in MCD spectra. Given that the
degenerate ground state will split due to the spin Zeeman effect, in the case of an open-shell
system, the population of the resulting split system will have a temperature dependence
giving rise to different features in the MCD spectra.

The perturbative approach (Eq. ) for computing MCD spectra is formulated in

terms of the state-specific field-free parameters o7y, £;, €7, assuming perturbation expan-
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sions for both the optical and magnetic fields, however, with the variational treatment of
the magnetic fields, the o/, £, % terms are not well defined because the non-perturbative

magnetic field effect is already included in the molecular orbitals and energy eigenvalues.

In our previous work we derived mathematical expressions to compute MCD spectra in
a variational framework and response function formalism for closed-shell systems. |151,|152]
The computation of temperature-dependent MCD requires considering spin-Zeeman splitting
in the ground state arising from the interaction with a static magnetic field. Assume there
are Ny and Ng numbers of spin-degenerate micro-states that belong to a same spatial ground
and excited state wave function, |0) and |K), respectively, in the absence of a static magnetic
field. The effects of magnetic-field-split ground and excited micro-states enter the expression

of the MCD equation as an explicit summation over all micro-states with a Boltzmann factor:

A N, 1
0SS5 (13 o Ot K7 i 07 ) 0 i) (4:26)
a K b

aBy

where |0,) and |K}) are the a-th and b-th micro-state of the ground and excited state,
respectively. p is the electric dipole operator, {a, 8,7} = {z,y, 2}, {y,2,2} or {z,z,y},
following the right hand rule. e,g, is Levi-Civita symbol (€. = €yzn = €ray = 1, €ypr =
€22y = €zyx = —1, otherwise 0). We use superscript vy to explicitly denote the direction of the
applied magnetic field, which is also the direction of propagation of incident photon. Note
that Eq. takes on an isotropic average of all directions of incident light and applied
magnetic fields since the summation of v runs over z,y, z. The prefactor %‘; describes the

Boltzmann distribution of the near-degenerate micro-state populations in the ground state:

N, = exp ( - f—;) (4.27)

where k is Boltzmann constant, and 7' is the temperature. E, is the energy of micro-state |0,)

relative to the lowest micro-state. For a single transition between micro-states, |0,) — |Kj),
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the MCD strength can be defined as

i 2oy €apy (Oalptal Ko)" (K [p1g] 0a)”

R =
3 15| B|

(4.28)

where up is the Bohr magneton (up = 1/2 in atomic units).
For closed shell systems without ground state degeneracy, Eq. (4.26) can be reduced
to: [151,/152]

AA 1/.
2 =T (1 o Ol K K sl 07 ) o — ). (429
K aBy
Equation (4.29)) can also be used to compute the MCD spectrum of an open-shell system at

the low temperature limit when only the lowest energy micro-state is populated.
4.4 Benchmark and Discussion

4.4.1  Computational Detail

Using Eq. to compute temperature-dependent MCD, all micro-states in the ground
state manifold and excitations out of these micro-states have to be calculated. In the linear
response TDDFT formalism, this is a non-trivial task. Some attempts using TDDFT were
made for certain special cases to simulate excitations of multiple unpaired electron systems
[135,/136] by choosing a non-degenerate excited state as the reference of TDDFT. In the
current work, we present a different approach to compute temperature-dependent MCD of a
spin doublet ground state using Kramers unrestricted X2C-TDDFT, [28,118] that relies on
variationally including the magnetic field in the initial state preparation.

To obtain the transition dipoles required in Eq. , three separate linear response
X2C-TDDFT calculations were carried out with a magnetic field B applied in the x,y, and
z directions for each micro-state in the ground state manifold. Gauge including atomic
orbitals (GIAQO) were used to enforce a constrained gauge-origin independence in the varia-

tional treatment of the finite magnetic field. [151},/152] The geometries of the molecules were
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optimized using the GAUSSIAN16 computational chemistry software package [33] with the
non-relativistic BSLYP functional [9,88,107] in the absence of a magnetic field. X2C-TDDFT
calculations in the presence of a magnetic field using the GIAO basis sets were performed
in the CHRONUS QUANTUM open source package. [165] Computed spectra are broadened

with a normalized Gaussian function:

fr(w) = \/7—10_J exp {— (w ;ij>2} (4.30)

where w and w; are in atomic units. The peak width o is chosen to fit experimental spectra.

For an open-shell spin-doublet molecule, the lowest micro-state is when the spin is anti-
parallel with respect to the magnetic field. The excitation energy and transition dipole from
this state can be directly computed using X2C-TDDFT from the converged ground state
wave function in the presence of a magnetic field. In order to obtain transitions from the
higher-energy micro-state, the spin-parallel configuration with respect to the magnetic field
must be used as the X2C-TDDF'T reference state. An initial guess for the higher-energy
micro-state can be obtained using a magnetic field in the negative z,y, z direction, —B.
Using such an initial guess, a second SCF procedure is applied using the magnetic field
in positive x,y, 2z direction to converge the wave function to the high-energy micro-state
solution. This technique can be successful if the applied magnetic field is small enough that

it does not induce any spin flip or phase transition. [153]

The MCD selection rule requires that the total angular momentum change by one during
the excitation, AM; = +1 in double group symmetry. This can arise from changes in the
orbital angular momentum in point group symmetry (AM; = £1) or in the spin symmetry
(AMg = +1). In the following discussion, we will mainly use the point group, instead
of double group symmetry for analysis because it is more intuitive for understanding the
excited-state splitting and selection rules giving rise to the resulting MCD spectrum. The

point group assignments are chosen to be the dominant molecular orbital contribution to the

TDDFT transition.
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4.4.2  Charge Transfer Ezcitations in AuCl; and Pt(CN);~

Historically, MCD spectra of AuCl; and Pt(CN)3~ molecular complexes were used to study
optical characteristics of square planar coordination. [66,68.(104] The intense peaks in the UV-
Vis region are charge transfer excitations. Arising from their unique molecular orbital align-
ments (see molecular orbital diagrams in Ref. 104)), the CT bands in AuCl; and Pt(CN)*~
have the ligand-to-metal (LMCT) and metal-to-ligand (MLCT) characters, respectively.

f
#f)

. — simulation
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T T T T T
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Figure 4.1. Simulated MCD spectra of AuCl; LMCT in a 2.9787 x 107° a.u.
(~7 T) magnetic field. An arbitrary unit and Gaussian broadening with ¢ = 0.006
are used.

Figure shows the computed MCD spectrum of AuCl; with excitation energies and
MCD strengths of bright excited states listed in Tab. [£.1} compared to experiments. Calcula-
tions were carried out using X2C-B3LYP with the GIAO-Sapporo-DKH3-DZP-NO basis [111]
for Au and the GIAO-Sapporo-DZP-2012-NO basis [110] for Cl. These electronic excitations
are LMCT transitions from Au-d to Cl-p orbitals. The ground state of AuCl; has an 'A4;,
symmetry which does not split in a magnetic field. The first peak at ~ 33 x 10 ecm™! (~4
eV) corresponds to excitations to the low-lying 'F, state. The derivative shaped peaks at

47 ~ 53 x 10® em™! are characterized as higher energy 'E, states. These peaks mainly



state  wps/eV  wps/cm™! R/a.u.
'E,  4.0239 32455 —6586.8
1p,  4.0241 32457 6604.7
'E, 5.0135 40436 —400.1
'E, 5.0142 40442 399.5

B,  6.2836 20682 —58983.5
B,  6.2838 20684 58975.9

Table 4.1. Excitation energies and MCD strengths of AuCl; LMCT transitions
in a 2.9787 x 1075 a.u. (~7 T) magnetic field.
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involve the ligand e, orbitals with two-fold degeneracy. Since this is a singlet state, spin

Zeeman effect is absent. The splitting is solely due to the magnetic field induced orbital

Zeeman effect. Transitions to F, states with angular momenta M; = 41 are allowed by

right- and left-circularly polarized lights, giving rising to a derivative shaped peak.

—— simulation
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Figure 4.2. Simulated MCD spectrum of Pt(CN)3™ in a 4.468x 1075 a.u. (~1.05
T) magnetic field. Gaussian broadening with o = 0.003 is used.

All bright transitions in AuCl; are characterized as singlet—singlet excitations.

Spin-

orbit coupling in this molecular system is weak, and, therefore, does not enable strong
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singlet—triplet excitations. As such, the most important relativistic effect for this system is
the scalar relativity. As the strength of spin-orbit coupling increases in a molecular system,
additional MCD spectral features will appear, and the spectral assignments become more
complex.

Figure and Tab. present the computed MCD spectrum of Pt(CN)3~. Calculations
were carried out using X2C-B3LYP with the GIAO-Sapporo-DKH3-DZP-ALL basis [111]
for Pt and the GIAO-Sapporo-DZP-2012-ALL basis [110] for C and N. In contrast to the
AuCl; molecule, the observed MCD peaks of Pt(CN)3~ have MLCT characters, arising
from the excitation of the Pt-d electron to the 7m* orbitals of CN™ groups. The first peak at
33.7 ~ 36.6 x 103 cm ™! corresponds to singlet—triplet MLCT excitations. This peak can only
be observed in a relativistic TDDFT approach because of the spin-orbit coupling. Because
the 3A,, (J = 1) state does not give rise to an orbital Zeeman splitting, the observed peak
is due to the spin Zeeman effect. Zero-field-splitting induced by the out-of-state spin-orbit
coupling splits the M; = 0 level from M; = %1 manifolds to the 3A,, state. Excitation to
the M; = 0 micro-state is forbidden because the change in angular momentum is zero from
the 'A;, ground state. The spin Zeeman effect further splits M; = +1 into M, = —1 and
Mj; =1 micros-tates that give rise to the derivative-shaped peak.

The more intense peak at 36.6 x 10° cm™?

also arises from the singlet—triplet MLCT
excitation, however, with a 3F, symmetry excited state. Analysis of allowed transitions is
more complex because both spin and orbital angular momenta are split in the ®F, state by
the magnetic field. Among the zero-field-split levels (J = 0,1,2) of the 3E, state, only the
J =1 level satisfies the MCD selection rule. As such, the observed derivative-shaped peak
at 36.6 x 103 cm™! consists of M; = —1 and M; = 1 micro-states of the *E, (J = 1) level.

The intense peak at 43.4 x 10® cm ™ arises from singlet MLCT excitations. Because they
are singlet states, the derivative lineshape is only due to the orbital Zeeman effect. Since
they originate from the singlet excited states, the strengths of these peaks are greater than

the triplet MLCT band. In the experimental spectrum, the small shoulder peak above the

singlet states is the vibronic peak, arising from the coupling of 'E, electronic state and
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state  wps/eV  wps/cm™! R/a.u.
34,5, 4.1761 33683 —1015.5
34,5, 4.1765 33686 1014.6
3F,  4.5319 36553 —5321.4
3E,  4.5323 36556 5376.3

'E, 5.3779 43376 —43085.0
'p, 5.3780 43378 42685.2

Table 4.2. Excitation energies and MCD strengths of Pt(CN)3~ MLCT transi-
tions in a 4.468 x 1075 a.u. (~1.05 T) magnetic field.

vibrational modes of CN bonds.

Both computed MCD spectra of AuCl; and Pt(CN)3™ are in excellent agreement with
experiment in terms of the spectral shape. In the absence of ground state degeneracy, the
computed spectral features are equivalent to the &/ and % terms from the point of view
of perturbation theory. The temperature dependent % can only arise from an open-shell
ground state configuration. The associated MCD features are rich and spectral assignments

are much more complicated than those from a closed-shell ground state.

4.4.83 Temperature-Dependent MCD of Mo(CN)g~

Octacyanometallate complex Mo(CN)3~ has a Dy; symmetry in solution. [67] In the Day
ligand field (Fig. [4.3), d orbitals split into b (zy), a1(2?), e(zz,yz), and by(2? — y?), with
increasing energy. In the ground state of Mo(CN); ™, a single electron occupies the b; orbital
of Mo(V), leading to a doublet ground state, 2B;. For open-shell systems, both orbital
and spin angular momenta play an equally important role in the MCD spectral assignment,
leading to a feature rich and temperature-dependent MCD spectrum. For the following
discussion, we define spin aligned in the +z direction as ‘@’ and —z as ‘#’. We only discuss
the computed result when the magnetic field is aligned in the +z direction, which has the
largest spectral amplitude in the rotational averaged MCD spectra.

Table lists the bright excited states with point-group symmetry assignments, com-
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Figure 4.3. Molecular structure of Doy MO(CN)gi. Ligands labelled as 3, 5, 6,
8 are in the zz plane, and 1, 2, 4, 7 are in the yz plane.

puted using B3LYP with a GIAO-Sapporo-DKH3-DZP-NO basis for Mo and a GIAO-
Sapporo-DZP-2012-NO basis for C and N. The simulated spectrum is shown in Fig. [4.4|
For the Mo(CN)z~ molecular complex, the computed MCD peaks are mainly of the d-d
and LMCT transition characters. In the simulated energy range, no MLCT excitation is

observed.

The 2B, ground state of Mo(CN)z~ does not split by the orbital Zeeman effect. The
spin Zeeman effect splits the ground state to ?B;(«) and 2B;(3) micro-states, separated by
IB|, with 2B;(8) level lower in energy. Due to the small splitting, both micro-states can
be populated when T° > 0 K, giving rise to the temperature dependent MCD spectrum

(discussed later).

The first two peaks at 24.8 x 10* em™! and 25.0 x 10® cm™! correspond to a linear
combination of e — b; and by — by LMCT transitions with b; mainly consisting of Mo-d,,
orbitals. These orbital transitions lead to states with mixed 2B, and ?E characters, making
it difficult to analyze how MCD selection rules in term of the change of angular momentum
are manifested in the optical excitations. They also highlight the need for ab initio method

as presented herein to compute MCD spectral features that are too complex to predict based
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State  wgps/eV  wos/em™  R/amu.  Type

By, +2E  3.0812 24852 1608.7 LMCT
By, +2E  3.1006 25008  —1178.4 LMCT
’E 3.2379 26116 1230.1 LMCT

’E 3.2400 26132 —1290.2 LMCT
’E 3.4220 27601 1263.2 LMCT
’E 3.4224 27604 —1334.5 LMCT
2A, 3.4618 27922 60.6 d-d
’E 4.0133 32369 843.5 d-d
2B, 4.5215 36468 1989.0 LMCT
2B, 4.5262 36506 —846.4 LMCT
’F 4.5599 36778 —1277.7 LMCT
2B, 4.6005 37105 —64.5 d-d

Table 4.3. Excitation energies and the z-component of MCD strengths of
Mo(CN)g bright transitions in a 3.404 x 107> a.u. (~8.0 T) magnetic field aligned
in the +z direction (see Fig. for molecular structure and orientation).

on selection rules.

The third and fourth peaks at 26.1 x 10* ecm™! correspond to the e — b; LMCT transition
and 2E excited state. In contrast to the B symmetry, the 2E symmetry of the second
excited state will split into 2E, and 2E_ due to the orbital Zeeman effect. In addition,
the spin Zeeman effect will further split ?£, and 2E_ into 2E, («), 2E(8), ?E_(«a), and
2F_(8) micro-states. A transition from the ?B; ground state to the 2F excited state is
associated with AL = 1. Because the change in orbital angular momentum already satisfies
the MCD selection rule, spin angular momentum must be conserved. As a result, only
2B1(B) — 2E,.(B) and 2B;(B8) — 2E_(B) transitions are allowed from the 2B;(3) ground
state and these two transitions form a derivative lineshape as they absorb left- and right-
circularly polarized photons, respectively. As the temperature increases, the population
of the 2B;(a) ground micro-state also increases. The allowed transitions from the 2B;(«)
ground micro-state are Bj(a) — *E,(a), and ?2B;(a) — 2E_(«), whose MCD strengths

have an opposite sign compared to those originated from the ?B;(/3) micro-state. Similar
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Figure 4.4. (Left) Simulated temperature-dependent MCD spectra of
Mo(CN)3™ in a 3.404 x 107° a.u. (~8.0 T) magnetic field. An arbitrary unit
is used for the MCD strength. In order to produce a spectrum with a similar
band shape compared to experiment, two different Gaussian broadening parame-
ters are used at different energy ranges. For peaks with energies below 0.1341 a.u.,
Gaussian broadening with o = 0.0023 was used; above 0.1341 a.u., c = 0.008 was
used. (Right) Experimental temperature dependent MCD spectra of Mo(CN)3 ™,
digitized from Ref. |67, Insets are the MCD spectra at 10K.

explanations also hold for the two peaks at 27.6 x 10° cm™! in Tab. [4.3]

The peak at 27.9 x 10° em™ is a d-d transition from by (d,,) to ai(d,z), giving rise to
a 2A; excited state. The magnetic field splits the 2A; state into 2A;(a) and 2A; () micro-
states through the spin Zeeman effect. In the absence of orbital Zeeman splitting in the
2B, ground state and 2A; excited state, the MCD selection rule dictates that spin angular
momentum must change sign during a transition. As a result, only 2B;(8) — ?A;(a) and
?Bi(a) — 2A;(B) are allowed, with the former dominating at low temperature and the latter
seeing more population as the temperature increases. Since these two transitions are of
different signs of the MCD strength, their temperature dependent populations will lead to a
temperature dependent MCD spectrum. Similarly, the excitation at 37.1 x 10® cm™! is also

a spin-flip d-d transition from by (dyy) to ba(dy2_,2).

The peak around 32.1 x 10* cm™! is the d-d transition from d,, to d,, and d,. orbitals,
resulting in a 2E excited state. This transition is weakly allowed due to the spin-orbit

coupling. Like in the 2E LMCT state, where the spin angular momentum is conserved since
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the transition changes the orbital angular momentum.

The analysis above suggests that all transitions from a B symmetry ground state to a
A or B symmetry excited state requires a change in spin angular momentum to be MCD
active; transitions to £ symmetry excited state must conserve spin. All transitions from
the higher energy 2B (a) micro-state are of an opposite sign of MCD strength compared to
those from the 2B;(3) micro-state. As a result, the overall MCD spectrum depends on the
relative population of the ground micro-states.

The temperature dependent MCD spectrum of Mo(CN)2™ is computed using Eq. .
Figure 4.4] shows that the temperature dependence of the main MCD features is correctly
simulated with the method introduced here. At the low temperature (T' = 10 K), the 2B, (3)
ground micro-state has a much greater population (64%) than the ? B; (a) micro-state. Thus,
the averaged MCD is dominated by features arising from the 2B () micro-state. As the
temperature increases, the population of the ? B; () micro-state increases, and the resulting
MCD intensity cancels that from the 2B; (/) micro-state. As a result, the overall strength of

the peaks decreases as the temperature increases.
4.5 Conclusion

In the current work, we present a relativistic, two-component TDDFT response theory for
simulating temperature-dependent magnetic circular dichroism spectra of molecular com-
plexes. The method is based on a two-component non-collinear formalism that variationally
includes both relativistic corrections and magnetic field perturbation. In order to correctly
model magnetic field effects within a relativistic Dirac equation, restricted magnetic-balance
condition is used in conjunction with the four- to two-component transformation.

We investigated the relativistic effects in MCD spectra for both closed-shell and open-
shell molecular systems. MCD selection rules were discussed in conjunction with orbital and
spin symmetries. The simulated spectra are in very good agreement with the experiment
measurements. In all test cases, relativistic effects play an important role, particularly,

spin-orbit coupling introduces additional MCD spectral features arising from spin-forbidden
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excitations in closed-shell and open-shell systems. The temperature-dependence of the MCD
spectrum of an open-shell metal complex was satisfactorily demonstrated using the method
introduced in this work.

However, for systems with more than one unpaired electron, the linear response TDDFT
is not able to capture all the micro-states of a nearly degenerate ground state. One has to

resort to variational, relativistic, multi-reference electronic structure theories. [63}/69)
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Chapter 5

SIMULATING MAGNETIC CIRCULAR DICHROISM
SPECTRA WITH REAL-TIME TIME-DEPENDENT DENSITY
FUNCTIONAL THEORY IN GAUGE INCLUDING ATOMIC
ORBITALS

Magnetic circular dichroism (MCD) spectra are able to provide insights to the geometric,
electronic, and magnetic properties of chemical systems. However, they can be challenging
to understand and simulate given the need to simultaneously treat both the finite magnetic
and optical fields. Thus, efficient simulations are desired to understand the spectra and
resolve the molecular electronic states. Real-time dynamics are used widely in the simulation
of electronic spectroscopies such as absorption as well as electronic circular dichroism, but
simulating MCD with real-time dynamics is technically and theoretically challenging. In this
work, we introduce a real-time dynamics based ab initio method with a non-perturbative
treatment of a static magnetic field with London orbitals for simulating the MCD spectra
of closed-shell systems. Effects of a magnetic field are included variationally in the spin-free
non-relativistic Hamiltonian. Real-time time dependent density functional theory dynamics
are then performed, from which we compute the response function in the presence of the
external magnetic field, giving the MCD spectrum. The method developed in this paper
is applied to simulate the MCD spectra for pyrimidine, pyrazine, and 1,4-naphthoquinone.
Results are discussed and compared to experiment. The work in this chapter is adapted
with permission from S. Sun, R. Beck, D. Williams-Young, and X. Li. Simulating Magnetic
Circular Dichroism Spectra with Real-Time Time-Dependent Density Functional Theory in

Gauge Including Atomic Orbitals. J. Chem. Theory Comput., 15:6824-6831, 2019.
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5.1 Introduction

In magnetic circular dichroism (MCD) experiments, the breaking of degeneracies due to the
application of a magnetic field, which couples the (spin and/or orbital) angular momentum
to the field, giving rise to additional spectroscopic features that are otherwise inaccessible at
zero field. [6] There have been many successful developments to compute MCD spectra with
response theory including single residue of the quadratic response function, [17] the complex
polarization propagator method, [82,(141}/142] and magnetically perturbed time-dependent
density functional theory (TDDFT). [133}|134137] Configuration interaction (CI) base tech-
niques include truncated CI with a sum-over-states expression and a perturbative treatment
of the magnetic field and spin-orbit coupling, [61,(62] as well as a multi-configurational self-
consistent-field (MC-SCF) with quasi-degenerate perturbation theory to include Zeeman
effects with spin-couplings. [37,139,55] The technique of using London orbitals at zero mag-
netic field has been applied in the perturbative calculation of MCD at the level of EOM-CC,
TDHF, and TDDFT, mitigating the gauge-origin dependence of finite atom-centered basis
sets. [16],74.|75,81] Recently, a new class of ab initio computational MCD methods using a
variational treatment of the magnetic field has been developed within the linear response

complex time-dependent Hartree-Fock (C-TDHF) framework. [152]

Compared to response theory based methods, real-time time-dependent theory has many
unique advantages. Real-time approaches can resolve a broad spectra in a single short time
simulation. This is particularly useful for systems with high density of states. For DF'T based
methods, real-time dynamics also avoid the implementation of functional second derivatives.
We refer readers to Ref. |43/ for a recent review on real-time electronic structure theory. For
absorption spectra and electronic circular dichroism, [44}[168| real-time approaches only need
to treat the perturbing electric field. The calculation of MCD spectra, however, requires the
inclusion of both static magnetic and perturbing electric fields. Real-time electronic dynamics

using a real-space local density approximation (LDA) have been applied to simulate effective

o/ and A terms of MCD spectra. [89)
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Within the density functional theory framework, advanced functional formalisms have
been developed to describe molecules in the presence of a magnetic field. The inclusion of a
magnetic field effect has been represented either by the functional dependence of current den-
sity in current-density-functional theory (CDFT) [12,/157H161] or the functional dependence
of the magnetic field in magnetic-field density functional theory (BDFT), [122,|123] where
both of these methods can be mathematically shown as equivalent. [48] When compared to
full-configuration interaction, it has been observed that the exchange-correlation functional
does not depend strongly on the magnetic field. |122]

In this paper, we introduce a real-time TDDFT approach using the generalized gradient
approximation (GGA) of the magnetic-field density functional theory in an atomic orbital ba-
sis. In the time-dependent variational approach, the treatment of the magnetic perturbation
is included non-perturbatively. Effects of a static, uniform magnetic field are included vari-
ationally with London orbitals, [4}/10,23,56,57,80,101,152{153}|167] which provide the most
satisfactory solution to correct for the gauge-origin problem when an incomplete Gaussian-

type basis is used. [22}29]30,38,59.84190}127]
5.2 Methodology

5.2.1 Computing MCD Spectrum with Real-Time Electronic Structure Methods

MCD spectrum measures the response of a molecular system perturbed by a static magnetic
field and probed by left and right circularly polarized light. This type of measurement can
be described by a time-dependent Hamiltonian which consists of a time-independent and a
time-dependent component, H = Hy + V.

The magnetic field perturbations can be described by the time-independent Hamiltonian,
Hy = ho+ W, where W is the two-electron interaction, and hg is the one-electron Hamiltonian

defined in Eq. (3.4). [152,/153] It can be written as

1 1, . 1 Zy
ho= V24 (=it x V) B+ -(Bxr)?+ ) —t 1
0 5 2( ir x V) 8( X T) e N (5.1)
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The second term in Eq. includes orbital Zeeman contributions, and the third term
describes diamagnetism of a molecular system.

Using the electric-dipole approximation in the length gauge, V; = —r - Ey, for the
interaction between the system and the probing optical field, the MCD spectra (in molar
ellipticity with the conventional unit of Degree(mol/L) 'm~!Gauss™') can be computed

using the following expression [134]
0]p =T Rjwf(w—wy,) (5.2)
J

where the rotatory strength R; is defined as:

1 Ea Im((0 | o] J) (T 0)”
RJ:__ZQM s Im((0 ] J)7 (J |25 0)7) (53)
3 pp|B|

(0]pq| J) is the transition dipole and wy; is the excitation energy from ground state to the
excited state J in the presence of a static magnetic field. f(w — wy,) is the band shape
function, which for fixed molecular structures we assume infinite excited state lifetime, thus
f(w — wy;) can be written as a delta function, d(w — wy;). €ap, is Levi-Civita symbol
(€xyz = €yow = €ray = 1, €ypy = €42y = €5 = —1, otherwise 0). I' is a collection of physical
constants. [119] Ry, w, and f are in atomic units. We use superscript v to explicitly denote
the direction of the applied magnetic field. For detailed derivation of this expression, we

refer readers to Reference [152.

Relating MCD Spectrum to Response Function Formalism

Thus, in order to compute MCD spectra using Eq. , one needs to extract the imagi-
nary component of the quantity (0|ua|J)” (J |ps|0)" from RT-TDDFT electronic dynamics.
However, this is not a quantity that can be easily obtained from direct analyses of time-
dependent observables, e.g., Fourier transformation of electric dipoles. In this work, we

propose a response function based technique that can be used to resolve MCD spectra from



82

real-time electronic structure simulations. In the following, we will present derivations that

transform Eq. (5.2)) into a response function formalism of the time-dependent signals.

We start by using the following expression,

> (A 8w — wiy) & Y Mm(AGFT)3(w — wiy) — (A5 7)d(w +wg)]  (5.4)

where

AGTY = (0lpal )7 (T gl 0) = (A5 (5.5)

The § function in Eq. (5.4) can be defined as the following limit, [26]

1 . n
d(w—wi,)=—1 5.6
(W= w,) T ni%l+ (w—wg;)?+n? (56)

Using this relationship, Eq. (5.4)) can be written as,

> Im(AGFT)d(w — wi;)
J

N [ A (A
~ - e V2 2 T\2 2
T =0t | (w—wyy )2+ 177 (Wt wgy)? +1
1, I (437 I (A% ) .
= — 11m ~ . O - ¥ . Y ( ' )
T =0t _(W —wyy Tin)(w —wgy — i) (w+wy, +in)(w+wy, —in)

Recognizing that Re[AS77 — (A297)*] = 0 and Tm[ASY7 — (AS97)*] = 2Im(AS%7), we can



rewrite Eq. (5.7) and factor out w —wg; —in and w + wy,; — in in the denominators,

Re[Ag 77— (A5 ) (w=w] ) +Im[AS T = (A7) ]n
(w—wg i) (w—wg ,—in)

27 n—0t | Re[Ag 7 —(AgT ) (wtwy,)+ImAS ST —(A55 ") In
J (w—l—wg(,—i-in)(w—l—ng—in)
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U (SR = (A3 Y — iy —in) (AR — (ARS))(w + iy — i)
21 =< =0+ (W — woy +in)(w — wy; — in) (W + woy +in)(w + wy; — in)
1 _AOé/D’,’Y _ Aaﬁﬂ * Aﬁafy _ Aﬁa,'y *
- lim Re 0J 7( OJ. ) . 0J 7( OJ‘ ) (58)
2m n—0+ W —wyy +1n W+ wyy +
Using the definition of the response function (fa; ps)7, [112,[114]
0l DT ) 0T (0 gl J)T (T |pa| 0)
st Ol G107 (O] ) (] O 59
n—0+ W — wog + 11 W+ woy + 1M
it is easy to see that Eq. (5.4) in the form of Eq. (5.8) can be simplified to
a 1 r r
D Im(AGT)8(w — wiy) ~ o > Re((pa; )l = (usi pta)l) (5.10)
J J
The final working equation for calculating MCD spectra becomes,
s = — > sy ({0 ] m)7 (1 [a5] 0V (e — )
3us|B| pe ! o
r
(5.11)

_ _m Zweamf{e(«ﬂa? MB»Z - <<,UB§ Ma»z)
afy

Calculating MCD spectra using the first expression in Eq. (5.11]) requires the computa-

tion of the transition dipole moments and excitation energies in the presence of an external

magnetic field. These quantities can be obtained using the linear response formalism of the

TDHF/TDDFT equation. [152] Alternatively, MCD spectra can be evaluated using the sec-

ond expression in Eq. (5.11]) which works with real-time time-dependent electronic structure

methods.
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Relating Time-Dependent Signals to Response Function Formalism

In this section, we will derive the relationship between the response function formalism in
Eq. (5.11) and time-dependent signals obtained from real-time simulations. We will assume
a variational treatment of the static magnetic field applied in the v € x,y, z direction and

that all time-dependent observables are collected in the presence of the magnetic field.

With an electrical d-kick of intensity x applied at ¢t = 0 in direction § € xz,y, z, the

perturbation Hamiltonian of the electric field can be expanded in the frequency domain as

o0

. (K .
0 = 5(0)iyms = 12 / et (5.12)
N

—0o0

where all the frequencies have the same amplitude. Such an electric field perturbation will

lead to the time-evolution of the dipole moment of a molecular system.

The time-evolution of the a-component of the dipole moment, pu,, can be expressed

as [112]

t R A o
uﬂﬂ—uﬂmz“ﬂ/ i{0][f1a, €OV e~ 0] 10)7 i (5.13)
Substituting Eq. (5.12)) into the Eq. (5.13) followed by a time-frequency transformation,

we have

o

i) = / (H2L(8) — 2 (0)

o0

[e'e) [e'S) t N A
_ _Fs et dt / et / i (0|[f1a, €0 fig e HOW=D]|0)T @' (5.14)

27T —00 oo —00

One can show that Eq. (5.14) can be equivalently written in a response function form,
[[12,[114]

paw) = rapia; wa)l (5.15)
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where the response function is defined in Eq. . For detailed derivation, we refer readers
to Reference [112.

Using Eq. in Eq. , we can write the final expression for computing the MCD
molar ellipticity in Degree(mol/L) " 'm~!Gauss™! using quantities in atomic units calculated

from real-time electronic dynamics:

1 pl(w)  Hp(w)
0]y = —0.0014802 o — 1
[0]3r = —0.001480 ><67T|B|a§ﬁ;wsamf{e( p: o (5.16)

where 1) (w), w, |B|, k” are in atomic units.

Note that the working equation Eq. is similar to that in Reference 89 which was
derived via the perturbation of wave function. The derivation presented here builds a con-
nection between the real-time signal and the response function formalism. This approach is
also generally applicable to other types of spectra. Observables computed using the linear
response function with the non-perturbative treatment of magnetic field derived herein are
similar to those calculated using the quadratic response function [17] or the gradient of linear
response [133],134,(137].

Since the non-perturbative treatment of magnetic field can account for the splitting of
excited states and perturbation of transition dipole at the orbital level, the response theory
based formalism presented here is able to treat the effects equivalent to &/ and % terms.
However, the simulation of & term effect of open-shell system requires the inclusion of spin-

orbit coupling, which cannot be simulated directly using the non-relativistic formalism.

5.2.2  Density-Functional Theory with Complex-Valued Orbitals

The molecular orbitals are expanded in a basis of complex-valued London orbitals [101].

6;(r) =D CujXu(r, ka) (5.17)

I

Xu(r ka) = xu(r — Ry)elaRa) (5.18)
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where {x,(r —R4)} are real atomic orbital (AO) basis functions centered at R4. The
exponential form of the London orbital phase factor defines the local gauge origin at each

nuclear center in the presence of magnetic field with a plane wave vector described by ks =

RA xB

5—, where B is the external magnetic field.

In the presence of an external magnetic field, the Kohn-Sham matrix in the London

orbital basis for a closed-shell system is defined as [157]:

. .
F'= T+V+IP]+ VP~ KPP~ %L ‘B
1
+ g{(Bz + Bg)Qm + (Bg + BE)ny + (Bi + Bz)QZz

— 2B, ByQyy — 2B, B.qy. — 2B,B.q,.} (5.19)

where L, = (Xu|r x V|X») and (dnm)w = (Xpul|7nTm|Xw) are the orbital-angular momen-
tum and electric quadrupole integrals, respectively. We also use a primed notation for the
magnetic field perturbed Kohn-Sham (F’) and density (P’) matrices. Equation (5.19)) corre-

sponds to a pure density functional when ¢, = 0.

The magnetic-field density functional theory formalism [122,|123] is used in this imple-
mentation, where the functional does not explicitly depend on the magnetic field. Since the
magnetic field perturbs the electron density and its derivatives, the density functional will

implicitly depend on the magnetic field.

The Coulomb (J) and exchange (K) matrix elements are defined as:

TP = (ol i) P, (5.20)
AK

K;W[P/] = Z(f(uik‘f{nf{uﬂjﬁm (5'21)
AK

The recursive relationships for evaluating one- and two-electron integrals using complex

valued London orbitals have been presented in Ref. [118|

Using London atomic orbitals in Kohn-Sham DFT also implies that the evaluation of
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matrix elements of V*¢ requires a careful scrutiny because the density matrix and atomic
orbitals are complex-valued. For GGA, the following quantities need to be evaluated on a

numerical grid in order to compute the matrix element of V3¢

< 8EXC
Viw = oP,,
_Z [ of _ r)xu(r)} n sz {i VO + GOV |
(5.22)

where ¢ runs over all the grid points. f*¢ defines a density functional that depends on density

variables. The expressions for evaluating < 8f

and are usually obtained through a chain
rule using auxiliary density variables (see Refs. 28, 118 for implementation details for both
spin collinear and non-collinear cases.). {w;} are weights of the integration grid points based
on the Becke multi-center numerical integration scheme. [8|147]. Note that because London
orbitals are complex valued, the V*¢ becomes a complex-valued quantity, even though %,
and % are real-valued quantities in the KS formalism and real-time dynamics.

In the evaluation of density and basis set gradients, the derivative of primitive London
atomic orbitals with respect to electronic coordinate r; is needed. The following expression

is derived and used in this work,
0
37“j
= =20 gu(r — Raskasa+1;5C) + a;9,(r — Raskasa — 155Co) +i(ka);gu(r — Raskasa; Ga)
(5.23)

gu(r —Raskasa; ()

where ¢ is the primitive London atomic orbitals centered at R, with orbital angular mo-

mentum a and Gaussian exponent (.
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5.2.3  FEquation-of-Motion of Real-Time TDDFT
The evolvement of the system is by a time-integration of the Liouville-von Neumann equation:

0P

i = [F.P] (5.24)

with the modified midpoint and unitary transformation (MMUT) approach. |15}/43,92.93,97]
See 43| for a recent review on RT-TDDFT.

5.3 Computational Detail

All molecular geometries were optimized [91] in the absence of a magnetic field using the
GAUSSIAN16 computational chemistry software package [33] using the B3LYP [9,88}/107]
functional and the 6-31G(d) basis. [31,/52]

RT-TDDFT calculations in a magnetic filed with a GIAO basis were carried out with the
CHRONUS QUANTUM open source package [165|using the B3LYP [9,188,|107] functional
and the London-6-31G(d) basis. [31,/52]. The magnetic field strength is 2.238 x 107 a.u.
(~5.26 T), comparable to that used in experiments. |13,[70] At ¢ < 0, the ground state SCF
was converged with a magnetic field applied in direction 7. The external magnetic field
is applied throughout the RT-TDDFT dynamics. At ¢ = 0, an electrical d-kick is applied
in the direction 3. After the pulse, the system evolves according to Eq. . At each
timestep, the expectation value of electric dipole u(t) is evaluated. In order to obtain a

spectral broadening, a damping factor, I', in the Fourier transformation is used:

) = [ i) e (— e (5.25)

(e 9]

The value of I' is determined in order to reproduce the experimental linewidth. Six separate
dynamics for each test molecule are carried out with the external magnetic fields applied
in the x,y, and z directions and a pulsed electric field in two directions orthogonal to the

magnetic field. The simulation stepsize is 0.05 a.u. (~ 0.0012 fs). The simulation time is
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100 fs for pyrimidine, pyrazine and 1,4-naphthoquinone and 500 fs for sodium anion. The
electric field strength is 1075 a.u.

5.4 Benchmark and Discussion

5.4.1 Sodium Anion

Figure |5.1| compares the MCD spectra of sodium anion in a 5.0 x 107° a.u. (~11.75 T) mag-
netic field, computed with the real-time TDHF and the linear response TDHF formalisms,
respectively. [152] The MCD spectra computed using these two different methods are indis-
tinguishable. An external magnetic field introduces orbital Zeeman interactions that break
the three-fold degeneracy of the p orbitals, giving rise to two peaks of opposite sign which
leads to a derivative shape, shown in Fig. [5.1} This benchmark shows that the real-time and

the linear response approaches produce equivalent MCD spectra at the weak field limit.

MCD

T T T
600 650 700 750 800 850
nm

Figure 5.1. Simulated MCD spectra of Na~ s — p transitions in a 5 x 107°
a.u. (~11.75 T) magnetic field. An arbitrary unit and spectral broadening with
a damping factor of I' = 500 a.u. are used.

5.4.2  Pyrimidine and Pyrazine

Pyrimidine and pyrazine are structural isomers of six-membered heterocyclic ring (Fig. |5.2)).

With UV/Vis absorption spectroscopy, these two isomers are not differentiable because they
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AN | ~

~
(A) (B)

Figure 5.2. (A) Pyrimidine, (B) Pyrazine

|
N

have very similar linear absorption spectra. In this case, MCD can be a powerful experimental
tool to analyze the photochemical properties of structural isomers due to the difference in
their point group symmetry. In addition, since their n — 7* and 7 — 7* transitions give
rise to alternating positive and negative MCD peaks, they are frequently used as benchmark

systems for theoretical simulations. [13}/16}70,74,(75,|134]

-G PG B0 S0

Figure 5.3. Main molecular orbital contributions to optical excitations in pyrim-
idine.

In the C,, point group, pyrimidine has several low-lying allowed optical transitions. The
first peak at 3.5 x 10* ecm™! is the n — 7* transition, giving rise to the the 1B; excited
state, with correpsponding molecular orbitals shown in Fig. [5.3]A. The next two excitations
are associated with the 1B, and 2B excited states, with the 7 — 7* (Fig.[5.3B) and n — 7*
(Fig. [5.3[C) characteristics, located at 4.7 x 10* ecm™! and 4.9 x 10* ecm™!, respectively. The
last, and strongest, excitation in this simulated spectral range is the 7 — 7* excitation

(Fig. [5.3D) from the ground state to the 1A; state.
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(A) (B) (©)

Figure 5.4. Main molecular orbital contributions to optical excitations in
pyrazine.

The pyrazine molecule has the Dy, symmetry. The first peak at 3.1x10* cm ™! corresponds
to the excitation from the ground state to the Bs, state. This transition is dominated by
the n — 7* transition, where the electron in the lone pair orbital of N atom is excited to 7*
orbital (Fig. [5.4/A). The next two excitations in pyrazine both have the # — 7* character

and give rise to the By, and By, states (Fig. and Fig. [5.4C).

—— simulation —— simulation

-10- N ---- experiment |- ---- experiment
T T T T 0.2 T T T T
30 35 40 45 50 55 30 35 40 45 50 55
3 3 0
x10" em x10” em

Figure 5.5. Simulated MCD spectra of pyrimidine (Fig. |5.5/A) and pyrazine
(Fig. [5.5B) in a 2.238 x 107 a.u. (~5.26 T) magnetic field, with a damping
factor of 150 a.u. Experimental MCD spectra from Ref. [70| are also plotted in
dashed blue curves.

The MCD spectra of pyrimidine and pyrazine computed using the RT-TDDFT method
introduced in this paper are shown in Fig. , compared to experiments. [13,[70] For these

closed shell molecules, the excited states with singlet spins have no degeneracy. Therefore,
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Pyrimidine wf,;/cm™  wyy/cm™?
1B, 3.512x10* 3.506x10*
1B, 4.732x10*  4.734x104
2B, 4.916x10* 4.880x10*
1A, 5.452x10* 5.440x10*

Pyrazine wj;/em™!  wys/em™!

Bs, 3.077x10* 3.248x10*

Bou 4.448x10* 4.454x10*

Bi. 5.385x10* 5.376x10*

Table 5.1. Excitation energies of pyrimidine and pyrazine molecules in a 2.238 x
107° a.u. (~5.26 T) magnetic field. w(; is the estimated excitation energy from
the real-time spectra. wqy is the excitation energy computed using the linear
response formalism of the corresponding TDDFT in the absence of the external
magnetic field.

the MCD signals is driven by the # term, which is caused by the magnetic perturbation to
the transition dipole. The estimated energies for these characteristic excitations (wy;) from
the real-time spectra are summarized in Tab. and compared to absorption peaks (woy)
in the absence of the external magnetic field. The computed n — 7* transitions are in excel-
lent agreement with experimental measurements. However, the m — 7* transitions in both
molecules are blue-shifted by 0.6 eV, compared to experiments, although the computed signs
and relative magnitudes of all transitions are in agreement with experiments. Compared to
the absorption spectra of linearly polarized light, although the presence of an external mag-
netic field gives rise to a different spectral shape it only slightly shifts the spectral positions.
This comparison suggests that the disagreement with experiments is likely due to the choice
of functional. These results, computed using the time-dependent variational method, are also
consistent with calculations using the excited state gradients. [75] Perturbative calculations
overestimate the magnitude of the 1B, state of pyrimidine and this work underestimated its

intensity compared to the experiment.
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5.4.83 1,4-Naphthoquinone

O

Figure 5.6. 1,4-naphthoquinone

The real-time approach is particularly convenient when simulating a broad spectral
range with many excited states. Figure plots the computed MCD spectrum of 1,4-
naphthoquinone using the RT-TDDFT approach. Compared to the available experimental
result [105] at the low energy range, the computed MCD spectrum are in good agreement
with experiment. Figure plots a broad energy range (0-30 eV) of the computed MCD
spectrum. In contrast to solving for all excited states in a generalized eigenvalue prob-
lem, real-time approach can produce a broad band MCD spectrum with only three dynamic

simulations.

5.5 Conclusion

In this paper, a real-time time-dependent density functional theory (RT-TDDFT) method,
with a variational treatment of the static magnetic perturbation in London orbital basis,
for simulating MCD spectra is developed and applied to several azaheterocycles. The MCD
spectra can be obtained by the simulation of the linear response function. The Kohn-Sham
formalism with finite magnetic field is extended to the time-dependent case at the level of
hybrid functionals. Due to the use of London orbitals, the exchange-correlation energy and

potentials are evaluated with complex atomic orbitals.
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Figure 5.7. Simulated MCD spectrum of 1,4-naphthoquinone in a 2.238 x 107°
a.u. (~5.26 T) magnetic field, with a damping factor of 150 a.u. Experimental
MCD spectrum from Ref. [105]is also plotted in a dashed blue curve. Note that
the experimental first ionization energy of 1,4-naphthoquinone is ~9.4eV. [109]
Spectral features above the first ionization threshold correspond to excitations of
deeper valence electrons.

RT-TDDFT simulations of pyrimidine and pyrazine predict correct signs of MCD absorp-
tion peaks, although excitation energies of the m — 7* transitions are blue-shifted compared
to experiment. This work also highlights a unique advantage of the RT-TDDFT approach
through the computation of a broad MCD spectrum of 1,4-Naphthoquinone using six dy-
namic simulations.

The scope of the simulation is limited to the effective .7 and % terms in MCD. Future di-
rections include the development to enable the simulation of open-shell system MCD spectra

and the ¢ term using the time-dependent variational approach.
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Chapter 6

FOUR COMPONENT RELATIVISTIC FORMALISM WITH
GAUGE INCLUDING ATOMIC ORBITALS

In this section, we briefly give the relativistic four component formalism with gauge-
including atomic orbitals in the presence of external magentic field.

The one electron Dirac Hamiltonian is given in Eq. . In four component relativistic
formalism, there are several choices for two component Hamiltonian, for example, Coulomb
interaction, Gaunt interaction, Breit interaction. For simplicity, we discuss the Coulomb

1

() and Gaunt (% — 2192) interactions.

6.1 Two Spinor Basis

Four component wave function are called four spinor. They can be expanded with two spinor

basis. Define four spinor

L
b= Z (6.1)

where the two spinors are expanded by two spinor basis as

2NB 2NB
V=D =) i (6.2)
p=1 p=1

where NB is the number of spatial basis function. Y~ is the two spinor basis.

L Xu L 0
Xy = . when0 < 4 < NB, Xy = when NB <y <2NB (6.3)

Xu—NB

Xp is the spatial basis function. In this context, it is gauge including atomic orbital
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(GIAO). Here, X = L,S. 1 < pu < NB. In the presence of magnetic field, restricted

magnetic balance is applied for the large and small component spinor basis.
6.2 Restricted Magnetic Balance

The relationship between the large and small component two spinor basis is

- S ~L ; oL
R P A - - (—iV+-B 4

this relation ensures that in the non-relativistic limit, where the speed of light becomes

infinity, the Dirac equation becomes Pauli equation like in Eq. (4.8]).
6.3 Restricted Magnetic Balance in Detail

In Eq. (6.4)), the Pauli matrices are defined as

01 0 —1 1 0
Oy = . Oy = , 0, = : (6.5)
10 t 0 0 —1
S0
0 V, 0 —iVv, V. 0
o-V = + +
V., 0 iV, 0 0 -V,
V. V. —iV,
= (6.6)
V. +iV, =V,
For « spinor basis X}, = "1 (n <= NB),
0
\ V., —iV X 0.X
o Uik = ) = A (6.7)

V.+iV, -V, 0 (Oz + 10y) X
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and the « spinor basis for small component

i 0.% (B
)25 — Xp + Mii (6.8)
2\ (0 +i0,) X e

Now we take a look at the second term on the right hand side

o-Bxr) 1

" :4_0[(]3 X1),0, + (B xr),o,+ (B xr),o0,]
1 (B xr), (Bxr), —i(B xr),
de \(B xr), +i(B xr), ~(Bxr),
1 Byry, — Byry Byr, — B,ry, —i(B,y, — Byy.) (6.9)
4c Byr, — B.ry +i(B,ry — B,r.) —(Byry — Byrs) .
thus
. (B 1 B,r, — B,r.)X
o ( X I‘))Zﬁ _ ( Y Y )XM (610)
4e de [(Byr. — B.ry) + i(B.ry — Bo2)Xu
In summary, for o small component spinor, we have
)NCS N —_Z azf(u + i (B‘Tfry - Byrx)iﬂ (6 11)
b2 N\@ 0% 4 \(Byr - Bary)) + i(Bors - Bur)
. - 0 : :
For [ spinor basis Xﬁ =1 (NB < p <= 2NB), For 8 spinor basis of small
Xu
component,

Or — 10y) X pu—
oovit = [ (OO (6.12)

H ~
—0:Xu—NB
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[(Byrz - Bzry) - Z(Bzrx - Bzrzﬂ XN—NB
(_ery - Byrx)f(quB

- 1
X,U«: :4—c

)N(quB
(6.13)

so in summary, for 5 small component spinors,

-3 (0r — iay)XM—NB 1 [ (Byr. — B.ry) —i(B.ry — erz)f(u—NB
Xy = ~ + 4_6 R (614)
—0:Xu—NB <_ery - Byrm)XquB

If Xﬁ is in Cartesian Gaussian gauge including atomic orbital, we have
dixu(a) = —20x(a+ 1;) + Ni(a)x(a — L;) + ike; X (a) (6.15)

where a = (ay,ay,a.) is the orbital angular momentum of x,. x(a) stands for Gauge

including Cartesian Gaussian orbital with angular momentum a.

The only missing piece now in Eq. (6.11)) and Eq. (6.14) are r;x,, we have

riXp(a) = (ri — Ai + A xu(a) = Xu(a+1;) + Aixu(a) (6.16)

6.4 Two Electron Integrals in Molecular Orbital

The coulomb integral of four spinors are

i f
| X Pr(1) Yy (D)) 1 [¥F(2) YE(2)
(pq|rs) = /d 1/d 9 s 0) s ) 7 \gs) o (6.17)

= (p"q"|r*s") + (" ¢"|r°s%) + (07 ¢®|r*s") + (p°¢°|r°s®) (6.18)
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For Gaunt interaction, since we have

L
dlow, = (u2t g3") i V(") = oot vt (6.19)

q
So

(pag|ras) = (p"oq|rtos®) + (p"oq®IrPos™) + (p°oq"|rFos®) + (p°oq"|ros™)  (6.20)

6.5 Fock Matrix

The Fock matrix elements are defined in Ref.25. However, there are many typos in the
definition in Ref.25 which will affect the implementation. We decide to list the corrected

definition of Fock matrix here to avoid confusion.

For a Dirac-Coulomb-Gaunt Hamiltonian, the Fock matrix in four spinor MO is (by

Slater-Condon rule)

Mz

va = hpg + Y _[(palid) — (piliq)] — Y _[(pagliai) — (pailiag)] (6.21)
i=1 i=1
where N is the number of occupied electron.
In two spinor,
= hbly Z [(p"q"|i%i") + (p"q"1i%®) — (p"i"|i"q")]

N

=Y [~ 0i®i®oq")] (6.22)

i=1



hSS+Z qu |Z ( SqS|iSiS

N

— Y (it litoq®)]

i=1

hLS Z L|2

- Z[(pLqu i"0i%) + (p*oq°|i®ai®
=1

hSL Z S’Z

- Z[(ps oq"|i*oi®) + (p°oq"|ioi"
=1

Expand the two spinors in AO basis

2NB

vl = §{:<Mu)xu

2NB

Z al/qXV

2NB

wXT = Z aHT X:‘f

2NB

=) ey

A=1

— (p"0i®|i*oq”)]

— (p°0i"|i%oq")]
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(6.23)

(6.24)

(6.25)

(6.26)

(6.27)
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Then Fock matrix elements in 2 spinor AO basis are

hLL+ Z am a/\z Ll/{L)\L) + am a)\z(lu“ I/L|'%S>\S) aﬁz*a)\z( L)\L|K’LVL)]

—Z —aral (pFo NS kS ovh))] (6.28)

= Dy, + D3 (v E[ENE) = (N [sE0E)]

D[ v 550%) + (uF oA |k ov”)] (6.29)

Where the definition of two component density matrix is

Dy =% aay” XY ={L,5S} (6.30)

,uz ay;

And we have the Fock matrix for other blocks

hSS+Z a; ax, (v [KEXY) + 4l aR (n VT RN — agfag (0N |0

—Z —aZrak (o N ko) (6.31)

= RS+ DEE (S VS |KEAE) + (o NE | kEov®)]

+DR (v |7N%) = (N5 0%)] (6.32)
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hLS_I— Z a’m a)\Z L/\L|’{SVS)]
- Z am a/\z 2 UVS”’{LU)\S) + as*a)\l(,u OZ/S’/{ O_VL) - aﬁz*a)\z(:u 0>‘S|K’ O_VS)]

= hﬁf“‘D,\n [_(ML)‘L"@SVS) - (NLUVS|HSUVL>]

— DL ov®| Kl oY) — (uFo N |kEor®)] (6.33)

hSL—l—Z —aZral (N KTV
- Z am a’)\l 2 O-VL’HLO-)\S> + as*a)\z (:u O-VL‘R UAL) af:a/\z(MSO-ALPiSUVL)]
= WS4 DEH - (SN Hh) — (ot o X))

— D[ o |kSaNE) — (uSo |k avh)] (6.34)

The next thing to do is to write two-spinor integral in the form of spatial orbital integral.

The large component two spinor basis is defined in Eq. (6.3)), the details of small component
two spinor basis is given in Eq. (6.11]) and Eq. (6.14)).
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Appendix A
INTEGRAL EVALUATION

A London orbital is defined as
X(r ky) = x(r — Ry)ekat-Ra) (A1)
where {x} are primary atom-centered Gaussian type orbitals,

Xa = (= Ag)™ (y — Ay)™ (2 — A)"e el (A.2)

= Al = /(1= A2+ (5~ A2 + (2 — A (A.3)

A = {A, A, A} is the coordinate of the atom center and a = {a,,a,,a.} is the angular
momentum. (, is the exponent of primary Gaussian type orbitals.

The London orbital defined in Eq. has the following identity,
X (r ka) = Xu(r, —ka) (A.4)
The one-electron integral for any one-electron operator O, can be defined as
(a|Oy|b) = /dST}NC*(TakA) O1 X(r,kp) = /d31">~<(1°, —ka) O1 X(r, kp) (A.5)
and, for a two-electron operator Og, the integral is defined as

(ab|02|0d> :/d3r1/d3r2 X*(rl7kz4))z(rl7k3> OQ )NC*(I'%kC))N((rQakD)

:/d3r1/d3r2 X(r1, —ka)X(r1,kg) Os X (12, —ko) X (ra, kp) (A.6)
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General recursion relationships for one- and two-electron integrals using mixed plane-
wave/Gaussian type orbitals were presented by Obara and coworkers, [60] and the application
to London orbitals was developed by Helgaker and Teale. [65,/156] In this work, we use a
modified Obara-Saika algorithm to calculate one- and two-electron integrals using London
orbitals. As the derivations are similar to those in references |60/ and 156, we only present
the working equations used in this work without going through the detailed mathematics.
Note that recursive algorithms presented herein can be used for evaluating integrals of mixed
plane-wave/Gaussian orbitals with an arbitrary wave vector.

The following intermediate quantities are defined for integral recursion relationships used

in this work,

C(=C+G (A7)
N =G+ G (A.8)
o Cacb
<= Ca+ G (4.9)
Cn
=1 A.
P =T (A.10)
- CaA + QbB
b= Ca + Cb <A11)
_ CCO + CdD
B Cc + Cd (A12)
(P +nQ
> Tl A.13
— (A.13)
k, = —k, +k; (A.14)

k, = —k. + kg (A.15)
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A.1 Qverlap Integral

The recursion for the overlap integral is

i(—ka+k 1
@+ 1,010) = (P+ LR &) Gl + g { Ny faia 1,1) + N ballb - 1,)}
I
(A.16)
T 3/2 9 (katky)? .
(04]|05) = (Z) e S(A-B)” — i pil(~ka) (P=A)+ky (P-B)} (A.17)

where N,(a) is the ¢ component of the angular momentum a. a £ 1, means that the p
component of the angular momentum a is raised/lowered by one.
A.2 Kinetic Energy Integral

Kinetic integral is the second derivatives of overlap integrals,

@ 7b) = —3 " (allo2b) (A18)

V=I,y,z

The recursion relationship for the kinetic energy integral is

~3(allotb) =~ 262(allb +2,) + 2k (allb + 1,) + (26N,(0)6 + 514, ) alb)

~iN,(b)k (allb — 1,) — L N, ()N (b) — 1)(allb - 2,) (A.19)

where ky, is the ;1 component of the wave vector ky.
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A.0.1 Angular Momentum Integral
Angular momentum integral is defined as
(alr x V|b) = x(a|r,0, — .0,|b) + y (a|r.0, — r,0.|b) + z (a|r,0, — 7,0,|b)

=-x (a|7'y832 - rzaBy ’b) - S’ (alrzaBz - TIaBz ‘b) —Z (alrxaBy - ryaBz ’b>
(A.20)

where X,y,z are unit vectors in the x, y, z directions. Jp, is the partial derivative with
respect to nuclear coordinates at atom center B. The integral of the type (a|r,0,|b) where

1, v = x,y, 2 can be evaluated as linear combinations of overlap integrals:

(alr,d,[b) = = {2G(a+ 1,][b+1,) = Ny(b)(a+ 1,|[b—1,) — iky,(a+ L,||b)}
— A{2G(allb + 1v) — N, (b)(al|b — 1,) — ik (al[b) } (A.21)

A.3 Electric Quadrupole Integral

The recursion relationship for the electric quadrupole integral is
(alr,ry|b) =(a+1,/|b+1,)+A,(a|lb+1)+ B,(a+1,||b)+ A,B,(a||b) (A.22)

A.J Nuclear Attraction Integral

Define the operator

V=iTg (A.23)
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where C is the nuclear coordinate. The recursion for nuclear attraction integral is

k k
(- 1V o)™ =(P o 2 — A)(alV D)™ — (B o+ 52— C),(alV o)™
1

+ o] @ 1V @ - 1, v |

¥ Q—ZNu<b>{<a|V|b ~ 1) — (aV]b - 1u><m+1>} (A.24)

1/2
(041V]05)™) :2(%) (041105) Fu(T) (A.25)
T = (P —C+ z%gkb) (A.26)

where F,,(T') is the Boys function.

A.5 Electron Repulsion Integral

The recursion for electron repulsion integral is

((a+1,)bled)™ :<P — A+ %) (ablcd)™
w

otk 0K )
’ <W T 2AC+) ),f blcd)
# eV (@ = 1piea)™ - 2(a - 1,pjea) |
+ %Nua)){(a(b - 1M)‘Cd)(m) - g(a(b — 1H)‘cd)(m+1)}
1 m+1 m+1
+ 3 {Nu<c><abr<c ~1)d)™) 4 N, (d)(able(d — 1)) >}
(A.27)
1/2
(00/00)™ =2(§) (041/02)(00105) Fon(T) (A.28)
ol o)

where F), is the Boys function. The horizontal recursion can be derived from Eq. (A.27)
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easily. [54]
(a(b + 1u)]cd)(m) = ((a+1,)blcd)™ + (A — B),(ab|cd)™ (A.30)
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Appendix B
MCD PEAK BROADENING

We use two peaks close in energy with opposite sign as an example to illustrate the
derivative peak profile in an MCD measurement. For example, when p orbitals of different
M, quantum numbers split due to the orbital Zeeman term, two excitations with opposite
sign appear in the MCD measurement (Fig. . The discussion herein can be extended to
other types of Zeeman splitting as well.

The separation of energy is 2Aw, which is usually on the order of meV. Assuming a

Gaussian broadening, the band shape function of these two peaks can be written as

(z+Aw) (x—Aw)} 2

2
f) = ce 22 _ e[ (B.1)
where C' is normalization constant. The peak positions are the stationary points of function

f(z), where the first derivative of the band is zero:

ﬁ — E((l‘ _ Aw)e_[<z7fwr — (w + Aw)e_ [@}2) =0 (BQ)

dx o2

The solution of Eq. (B.2) can be obtained by locating the intersects of the two functions
in the following equation, shown in Eq. (B.3)),

dxAw Tz — Aw
— 5 = hlx—i—Aw (B.3)

Equation (B.3)) shows that the separation between two stationary points are greater than
separation between the two excitations (2Aw). A larger Gaussian width o gives rise to a

larger peak separation and a broader profile.
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0 Aw
-Aw!
Figure B.1. Green and red curves are y = —% and y = In i;ﬁz Dotted
lines are located at x = +Aw and z = —Aw. Positions where —492# intersects,
In Z=2¢ " are marked with an x.

+Aw
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Appendix C

EVALUATION OF THE ONE-ELECTRON RELATIVISTIC
GIAO INTEGRALS

We only discuss about the spatial integral. The spinor form can be easily obtained once

the spatial orbital integrals are evaluated.

FEvaluation of One-FElectron Relativistic Integrals

The one electron relativistic integrals can be categorized into several types. 1) The spin-free
integral (a|pV - p|b) and spin-orbit integral (a|pV x p|b) have two derivative operator and
one nuclear potential operator. The tilde shows that it is GIAO integral, and a,b denote
the angular momentum of the basis function. 2) The (a|VzV74|b) and (a|r,V Vs|b) in
Eqgs. and have one derivative operator, one cartesian coordinate operator and
a nuclear potential operator. 3) (aJAV - A|b) have two coordinate operator and a nuclear
potential operator. We will discuss their evaluation separately.

The way to treat the derivative operator is to transform it into the derivative with respect

to the nuclear coordinate

0

a—rjf(u(r —Raskasa; )

0
— Y/ _R k ca;

= —2CuXu(r —Raska;a+1;;¢) +a;jXu(r —Raka;a—1;;¢,)

+i(ka);Xu(r — Raska;a; (o) (C.1)

with that, we can treat the first type of integrals.

1) For spin-free integral and spin-orbit integral, we can rewrite them as the second deriva-
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tive of nuclear attraction integral with respect to nuclear coordinates,

(alpV - p|b) = —(a|VV - V|b) = (VA|V - [Vb) = ) 04,05,(a|V|b) (C.2)

a=xI,y,z

(a|pV x p|b) = —(&|VV x V|b) = (Va|V x |Vb) = eup, 94.05,(a|V|b) i, (C.3)
according to Eq. (C.1)), the second derivative can be evaluated as

04, 08,(a]V[b) =2¢.{2¢(a + 1,|V[b+1,) — N, (b)(a + 1,|V|b — 1,) — iky, (2 + 1,|V|b)}
— Nu(@){26(a = 1,[V[b +1,) = N,(b)(a - 1,|V|b - 1,)
— ikp,(a = 1,|V|b)}
— ik {26,(a|V[b +1,) = N,(b)(a|V|b — 1,) — iky, (a]V|b)} (C4)

2) For (a|V,Vrs/b), the rs can be decomposed into (r — B)z + Bg, and the derivative
can be treated with Eq. (C.1)

(8]VaVrglb) = — (Vad|Vrgb) = (Va,aVrg|b)
=20, (2 + 1,|V[b +15) + Bs(a + 1,|V|b)]
— Ny(a)[(&a — 14|V|b + 15) + Bs(a — 1,|V|b)]
— ikao[(a|V|b + 1) + Bs(a|V|b)] (C.5)

Similarly, we have

(ar3VValb) = — 9pa(alrsV|b)
= — [2¢(a+ 15V |b+1,) — Nu(b)(a+ 15|V |b — 1,) — ik (a + 15]V|b)]
— A5[2G(8]V[b + 14) — Na(b)(@|V[b — 1,) — iksa(a]V|b)] (C.6)
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Notice that either (a|V4V7s|b) or (a|rsV V4|b) are not hermitian or anti-hermitian. Their
linear combination VgVr, — 1,V Vg is Hermitian, and 7,V Vg + VgV, is anti-Hermitian.

3) Operator AV - A can be expanded as

AV-A=B>V.r— (B-r)V(B-r)
=(B}+ B, + B2)(aVa +yVy + 2Vz2)
— (Byx + Byy + B,2)V(Byx + Byy + B.z2)
=aVa(B) + B2) +yVy(B. + BZ) + 2Vz(B2 + B))

—2Vy2B, By —yV22B,B, — 22V 2B, B, (C.7)
where the integral of the type (&|roVr3|/b) can be evaluated as

(alroVrslb) = (&][(r — A)a + Ao]V[(r — B)s + Bg]|b)
= (a4 1,|V|b + 1) + Bs(a+ 1,|V|b) + Au(a|V|b + 1) + A, Bs(a|V|b)

(C.8)
FEvaluation of Nuclear Attraction Integral with Finite Width Nuclei
We assume gaussian charge distribution of the nuclei, [162] the nuclear potential is
Vir) = — /d3R g fom o (C.9)
r - R|

Where e ¢¢(®-C) ig the gaussian distribution of the charge with the nucleus located at C,
(c is the exponential parameter, which decide how diffused the nucleus is.

The nuclear attraction integral can be viewed as a special case of electron repulsion



integral,
) ~ . B e—¢c(R-C)?
@v)b) = [ AR (1) X0(0) 7
~ B 1
= ff derXa(r)Xb(r)‘r_—mXc(R)Xd(R)
where
Xe = Nce g(Ric)27 Xa=1= e’

with normalization condition

/ R Ngete ®B=CF — 7.
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(C.10)

(C.11)

(C.12)

where Z¢ is the nuclear charge. x. and y4 are gaussian orbital instead of London orbitals.

We define
¢ = Ca+ G
L e e
(+¢ (+<Ce
P= CaA + CbB
¢
k, = -k, + ks
k,=0
then, we have
(P +(cC
W= > ' >~
¢+ ¢

substitute these quantities in the the recursion of electron repulsion integral in Ref

(C.13)

(C.14)
(C.15)

(C.16)
(C.17)

(C.18)

. (153, we
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get the same recursion of nuclear attraction integral

@+ LIIVIB)™ ~(P+ 52 — A)@VIEN™ — (P, + 52 — )&l b))
%Ni(a){((a —1)[VIB)™ — ((@— 1,)|V]B) 0}
e N EVI( — 19) = (BlV|(@ ~ 1))} (C.19)
with a different definition of the auxiliary integrals
~ ~ ~ ~ CC m P 1/2
(0.4]V[0)™) = zc<oA||oB>( ) 2 (—) Fo(T) (C.20)
¢+ (o T

where 7" in the Boys function have a different definition

k,\?
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Appendix D
DETAILS OF GIAO DFT AND TDDFT

D.1 Outline of the evaluation of exchange-correlation potential integrals with
Complex Atomic Orbitals

In order to ensure the gauge origin invariance, the 1-e molecular orbitals {¢,(r)} are expanded

in terms of a set of contracted complex London orbitals {x,(r — Ra;ka;a)},
r) =Y CupXu(r — Rajka;a) (D.1)
Xu(r = Rajka;a) = x,u(r — Raja)eiatRa) (D-2)

where {x,(r — R4;a)} are real contracted Gaussian type atomic orbital (AO) basis functions

centered at R4, and R4 is the nuclear coordinate of atomic orbital p.
A(r —Ry;a) Zcb —Ra;a;C,) (D.3)
where we define primitive London atomic orbitals
éu(r —Raskasa; () = @,(r —Ry;a;(,)e ika(r—Ra) (D.4)

When the atomic orbitals are complex valued, the complex arithmetic is required. The
formalism is consistent with [118]. Up to GGA level of functional, the exchange correlation

functional is defined as a function of auxiliary variable {U;},

Eqe /drf(n n,y Ty ) (D.5)
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where the variables are consistent with the definition in Ref. 28 and Ref. 118

1
+ L g
n —§p + - Z MaMe,
a=zx,Y,%
S v Vn+1 ZVm vm j:f—V ZVn Vm.Vn-Vm
4 4 “ ¢ « @
a=x,y,? a=x,y,z
+_—1Vn Vn—1 Z Vm,Vm
Y - 4 4a:xyz @ «
fo =sen(Vn- Y (Vma)ma) (D.6)
a=x,y,z

where sgn is the sign function. Although the variables are constructed from complex atomic
basis, they are real valued.

The exchange-correlation energy of hybrid functional is defined as
Exclp] = ES:GA [0, Vo] + e B o] (D.7)

and the exchange correlation potential

5Exc
op(r)

V*(r) = (D.8)
The details about the implementation of GKS with finite field gauge including atomic
orbital is presented in the earlier works [151].
In order to calculate the exchange correlation integral, V3¢(r), we define the auxiliary
variables {U;} and {V;}. Where the exchange-correlation kernel is defined as a functional of

{Ur}, and {U;} are the function of {V;}, where {V;} are linear with density matrices.

p(r) =Y Pou(r)%;(r) (D.9)

n

In the KS formalism and real time dynamics, since the density matrix is always Hermitian,



134
the density function is always real.
Z Py P (0) % (r) = p(r) (D.10)

And similarly the gradient of the density is also real

Z [(VXu(0) X0 (1) + Xu(r) (VXS (r)] (D.11)

OF.. oUr 0V
xc,I' _
View ;Z oU; 0V; 0P},

0 8U1 8VJ r;
S S ke (D12

where I' = S, z, y, 2 which label the spin components. In the RKS case, only S is required.
The summation can be decomposed into two parts, one is the density parts, with V; = n'.

We have
aVJ (I’l)
oP! u

- >~(* (rz)XV(rz) (Dl?))
The other is gradient part, where V; = Vn!'. We have

aVJ(I'Z'>
oP},

= (VXu(r:))X5 (i) + X (r:) (VX5 (r:)) (D.14)

We can calculate the exchange correlation potential integral with the complex valued

atomic orbitals as

Vit =3 120 ()] X (x2) + 23 (x) [%0 (x)]” (D.15)

%

1 runs over all the grid points.
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1
2,05 = we) (52T + . Fur)(Tiin)) (D.16)
k=x,y,z
where k = x,y, z is Cartesian coordinate. and
of oUr(r;)
Z) (r; D.1
(r:) ZaUlrz ) OpF (1) (D-17)
8U[<I‘Z)
Zo . ( D.1
valr ZaU, (r) OV ep (x,) (D-18)

Since the value of f,{U(r;)},{Vi(r;)} are real, the quantities Z} (r;), 23 (r;) are also

real valued. The explicit form of Z} (r;), Zy ((r;) is given in Ref. 118;

of  of B
T (&7*%) b=5

B E— D.19a
Pooopt 2 of  of . ( )
L L )VKT T #£S
ont  On~
( of of of
S
Vil (%** " oyt " 87)
of of
KR s I =
29k =50 T =59 (D.20a)
OV 2 G e (O Of
of of of
r _
\ Vi (%** oyt * 07) r#5

we use the convention for the index, such that capitalized Greek letter (like I') are spin
component index running over S, x, y, z. Lower case Greek letter (v, ) are spin component
index running over x, y, z only. Lower case English letter k£ are Cartesian coordinate index,

running over x, y, z. When we limit I' = x,9, z, the K', H" are defined for significant m
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(Jm| > 107'%) and small m (jm| < 10712)

L. (Significant m)
m

K" = (D.21a)
(Small m)

( feVn - Vp"
VVn-VmoVm - Vn
H" = (D.21b)

f?v (Small m)

(Significant m)

\

For closed shell systems and some regions in the open shell system with insignificant mag-
netization, the definition of K’ H! for the small m (Jm| < 107'?) makes the GKS result
consistent with RKS and UKS. This definition ensures the numerical stability of V. of non-
collinear DF'T.

We also define that

. p°=p whenI =9

P (D.22)

pl =mY when I =uz,y,2Z

D.2 Brief Overview of the Linear Response TDDFT in MO basis

In this derivation, we assume the orbitals are complex. For DFT, the Fock matrix in molec-

ular orbitals is

0F,,

Fpq = aTPTS = Z[(p(ﬂsr) — x(pr|sq) + fuepqsr|Frs (D.23)

rs rs

where
aVXC
fa:qpq,rs = 8qu (D24)
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If we apply the perturbation V, with frequency w,, by expanding the Liouville-von Neumann
equation by orders of magnitude of frequencies, the first order gives us the linear response

equation of motion,
wo P — [FO, PW) — [FO[p@] PO = [V, pO] (D.25)
where the unperturbed matrices are

Fo_ (< V) po_ (F

0 e 0 0

(D.26)

0Fpq
O0Prs

and the perturbed Fock matrix FM[P@] is the kernel contracted with perturbed

density matrix P(@:

0F,,

J ) [p(a)] — P

Pr(g) = Z[(pq|57”) — cx(pr|sq) + fzc,pq,ST]Prgg) (D.27)
p)

rs

which means the kernel is evaluated with unperturbed density matrix P, and then con-
tracted with perturbed density matrix P(®.

we get equation of elements for vo and ov blocks

Bi:; + Oap0ij(€a — Ei)] Pb(f) + g?j; Pj(f) — WP = o, (D.28)
[ggz + dapdij(€a — Ez):| Pj(b“) + gg: Pb(f) + we P = 2 (D.29)

Define
By = %, Agipj = % + Oapdij(€a — €) (D.30)

in DFT, By = [(ai|bj) — cu(aj|bi) + focainj], and Agip; = [(ai]jb) — cz(ablji) + focaijn] +
6ab5ij(€a — 61‘).
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Then the linear response equation becomes

Aaipi Py + Baigi Py — wa Py = —v (D.31)
Zz b]f)g(b) + Bm ,bj Pb(]a) + wap(a) Uga (D32)

since we only want the poles and transition density matrices in this work, we need to solve

the homogeneous equations (generalized eigen value problems)

A X5} + Basg Vil — wn X3 = 0

j ai

s Y+ By

at,bj

XM 4w, =0 (D.33)

at,bj

where w,, are the pole of excited state n, and Xb(;l) Pb(]"), Y(") = Pj(g‘) are the transition

density matrices of excited state n.

D.3 Implementation of the complex orbital linear response TDDF'T

Define transition density matrix in molecular orbitals
Tai = Xai7 Ea = Y;n' (D34)

where we omit the superscript J for simplicity. {7, j} are index for occupied orbitals, {a, b}
are index for unoccupied orbitals, {p, ¢} are index for general spin orbitals.

Transform the transition density matrix into atomic orbital basis, we have
Ty = Z CupTpaCry (D.35)
The transition density and the gradient of transition density can be evaluated as

Z Gu(r) T, 0 (x) (D.36)
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VI(r) =) Tuwl(Vou(r)a;(r) + 6,(r) (Ve (r))] (D.37)

since T}, is not a Hermitian matrix, the transition density 7'(r) and its gradient VT'(r) is a
complex function of coordinate r.

We can transform the contractions in the left hand side of Eq. of this type
> sl (PqlsT) — colprlsq) + frs o] Trs from MO basis to atomic orbitals:

> l(palsr) = calprlsq) + Fig o) Trs

=D D CrCuCLOn[(u|rA) = colpdwv) + [ o) Trs

TS UVKA
= 3 C Sl 1) = oA iw) + F5 T (D.33)
1% KA

The main task is to evaluate the contraction of second order derivative of the functional

kernel with transition density matrix
T =D fi T (D-39)
KA

Where the second order derivative of the exchange-correlation kernel is defined with U
and V variable

2 2
e _Z/< o°f 8U18UJ+8f 0°Ur )8VK 8VLd3r (D.40)

VKA T
" 5 oUOU; OV 0V, 0Ur OVdVy, ) OF,,, OPy,

The analytical expression of first and second order derivative of U variable with respect

to V variable are provided in Ref. 28, Notice that the P and T in Eq. (D.40)) are two spinor

matrix
P=P'gL+ Y P®o, (D.41)
V=T,Y,2
T=T0hL+ » T'®o, (D.42)

'Y:x’y7z
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The basis {ggu, 0 < u < 2N B} are two-spinor basis, and can be formed from the product of
spin basis {«, 8} and spatial basis {X,,0 < 4 < NB}, where NB is the number of spatial

basis function

. T ®a n<NB
bp = (D.43)

fu-N®@ [ NB < p

In the two component formalism, the V variable are divided into Pauli components, I' =

s, x, vy, z, which are defined in Eq. (D.13)) and Eq. (D.14]). Therefore, the contracted quantity

XC

v 1] can be divided into Pauli components,

2 2
01=3 3 3 [ (aunovs v ov, * ot avors ) ort opl T
KA T'=S.a,,2 [JKL v Y40k

(D.44)
and the matrix vector product Eq. can be calculated from Eq. However, the
definition of the auxiliary variable will cause numerical instability for closed shell systems,
whose magnetization density is small. The analytical expression of derivative and second
order derivative in Ref. 28 is ill defined in this case. It is also problem for open shell

systems, since they have regions where the magnetization is not significant.
Thus in the region where the magnetization is not significant (jm| < 107'?), when

[' = z,y,z (scalar doesn’t need this treatment), instead of using the treatment for small
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magnetization in Ref. 28, we make the followingchange to the derivative of the U variables

ng: —6p (D.45)
g:;; — 4r (D.46)
(98(?;) = %Vn + %er (D.47)
jgm — SVt G5V (D.43)
% _ %v” _ %er (D.49)

Notice that in Egs. (D.47) and (D.49)), the component I" is chosen the same as the component
xc,I’ ; : +-

of fi" [T]. The derivatives of ¥~ are not changed.
The second derivative of n*,n~ become 0. And the second derivatives of v variables are

derived from the modified first derivatives,

82’Y++ 1

Dom)d(@,m) 2" (D.51)
24+

a(aiz)g(ajma) = %%5@ (D.52)
24+

8(5i77?a;3(0jm5) B %5”50‘/3 (D.53)

W - 3% (D.54)

8<8i§>g<ajma> = —3ubar (D.55)

8(aiwfa;a<ajmﬁ> = 30t (D.56)

The second derivatives of ¥t~ are also not changed.

Such changes make the GKS-TDDF'T result consistent with the RKS-TDDFT for closed
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shell systems. For open shell system, these changes in the insignificant magnetization region

ensure numerical stability.

For fiF[T] with T’ = S in Eq. (D.44)), we still use the same definition of the insignificant

v
magnetization case in Ref. |28

x

The matrix element wﬁ’r [T] can be evaluated with a numerical grid integration,

oL = / drw(r>{f5 CPACHACEDS Fé,k@)[(vk»@(r))xz(r)+xu<r>vkii<r>1}

k=x,y,z
(D.57)
where ¢ is cartesian coordinate x, y, z, and w is the weight factor.
If we define
A (r) = Vpl(r) - VT (r) (D.58)
we have
0 f 0 f 0 f o0 f o0 f
— 2 T — KT
Fo [an+an+ T onon- T 8n+0n—1 * [an+an+ an—an—} mzyz *
0? 0? 0? 0? 0? 0?
ASS f L _f . f_Jr _f_Jr f__+ _f__Jr
ontoytt  On—oytt  Ontonyt on—ov* ontoy on=0vy
0 f o0 f 0 f 0*f
AYS 2 ASYY HY _ —
(7222 (A7 + A7) ) (871*87** * on=oytt  oOntoy—— anﬁfy) *
Z AYY o*f + 0’f _ 0’f _
et ontoytt  On=oytt  Ontoyt-

o0 f 0 f 0 f
on—0vy*t- * ontoy—— * Gnafy) (D-59)
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92 f N 02 f N o2 f N
oytroytt Oyt Oyt Oy Oy
>’f o f >’ f
2 2 2
Oyt+oyt " oyttoy—— * 8’y+6’7)+
>’f >’f O’ f >’f
A = ASYY HY - —

(Z (A7 +47) )(%**%**Jra'y*@v** Oyt=0y—~ 3787>+

’Y:x7y7z

>’f D’ f O’ f D’ f
Y _
( Z A ) (5’7”37** Oyt=oyt- - Oy=——0y~ - 287**%“) "

Y=x,Y,2
Y R R ST S ST S
oyttont = Oytton-  Oyt=oOnt  Oyt=On-  Oy——dnt Oy —On~

S or) (L P o
oyttont Oytton—  Oyt-ont

Y=x,y,z
92 o2 2
_f . __f B i?_f 4+
oyt—on Oy~—0nt 0y~ 0n

Fo=Vp® [ASS(

2f 2 f f *f
Z v ss _ _
( HVp ) {A (87**87++ Oy=——0y~ * Oyttoyt= 37+_67__) i

'7:$7y7z

0’ f 0’ f 0°f
A 4+ A7) HY -2
( Z ( + ) > <3V++3’Y++ oy t+oy—— - 37——37——) +

’y:x7y7z

Z A *f B o*f N % f - 92 f N
y=xy.2 oyttoy*tt  Oyttoyt— Oy oyt Oy Oy
TS an n an B an - 82f N
oyttont  Oytton-  Oy——Ont Oy —On—
2 9 X )
Z KT or 0f - _8_f . ?_f A
oyttont  Oyt+on oy——ont 9y —dn

’y:x7y7z

of of of of of
S il Y P S
VT { e el 87__} +2 Y BT [ s 87“] +

’Y::BYyVZ

fv
o IV
|Vn - Vm]| Z

’szyy’Z

0 0
Vp’}’ Z (AKS +ASI€) (57"‘ — H'YHV»)] |i87{+ _ 67%:| (D60)

KR=2,Y,z
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where

|Vn-Vm|=+vVn-VmoVm-Vn (D.61)

For other components I' = vy = z,y, z,
o0 f o0 f o0 f o0 f 0*f
=K - s —2 KrT"
o { [871*871* émé?n} * [077,*871* * on=-0n~ 8n+8n] Z *
ASS( O f 02 f O f 02 f O f 02 f >+

K=Z,Y,2

ontoy*t+ B on=—0y*t+ + ontoyt- B on=0y*t— + ontoy=—— B on=0y——

0*f 0*f 0 f 0% f
2 : KS Sk K _ —_
< (A2 + A7) H ) (8n+8v++ on=oytt  Ontoy—— * 0n_37“) *

K

Z NG a2f . 82f . azf +
B ontoytt  On=oytt  Ontoyt-

A A SR
on=0yt=  Ontoy— On 0y —
2 — af af
K=,Y,2
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and for the gradient term

an a2f 82]0 82]0
_ 0% SS _
A A G e e e )

% f 9% f 92 f % f
HE AI‘QS AS/@ . .
(A )> (%**%** Oy+t=oy*tt " t=Oy 876’7) ’

5 ) (s

Oy ttoytt Iy ttoyt- oy ttoy— T

Oyt=0y*- Oyr=0y=—— * Oy==0y=~
2 2 2 2 2 2
rs(_9f O _ (97f B 87f 4 ?ﬁf n f{),f )4
Oyt+ont = Oytton oyt=ont  Oyt=0On Oy——ont  Oy——0n

(Z KRTK>( *f ¥ 0

Bl oyttont  Oytton— B oyt—on* *

o2 f L O 02 f )

>’f n *fr N
oyt=on—  Oy——odnt Oy —0On—

HY S | ASS *f N cfr  r Pf
ytroytt  Oyttoyts Oy Oyt Oy Oy

( Z HE (AHS+ASH)> ( an _9 an + an )+

B oyttoytt  OyttoyT Oy oy
Z G aZf B an + 82 f . azf 4
W yFtroytt  oyttoyt Oy Oyt Oy Oy
TS >’f n ocf  of
oyttont = Oyt*ton-  Oy——dnt Oy —On~

(Z KW)( 0 0 L A )

P Iytront  Oytton—  Oy——dnt | Oy —dn-

_|_

of of of of of

04 S _ Y _

2HVT {07“ 87__] +2VT {%** gt 67__] +
2V p°

of  of
—_ AR5 4+ ASF — H"H" - — D.
o X (4 A ) ok - 5| (D.63

For F) in Eq. (D.62) and FJ in Eq. (D.63), in the region where [m| < 107"?, the definition
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in Eq. (D.56]) requires that K7 and H” of small |m| are defined as
K" =H"=6, when |m|< 10" (D.64)

Note that the form of ]:5 and FL are derived with the help of Dr. Alessio Petrone and
Dr. David Williams-Young.
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