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Abstract

In investigations on electronic structures of correlated materials such as transition-metal
oxides, rare-earth compounds, and organometallic molecules, first-principles calculations based
on density functional theory (DFT) play a central role. However, there is a problem remaining to
deal with correlation effects in the DF'T for correlated materials. On a practical level, DF'T+U
method that introduces Hubbard-model parameters to represent screened on-site Coulomb
(U) and exchange (J) interaction is one of the powerful and conventional tools suitable for
calculations of large systems without expensive costs. The values of U and J are commonly
chosen to match experimental observations, but optimal values depend on which exchange-
correlation functional is used and the calculated material properties are very sensitive to values
of on-site U and J even in the ground state. More recently the parameters have been calculated
directly from first-principles calculations, but they vary over wide ranges of values even for the
same ionic state in a given material. Unfortunately, this implies that choosing ”good” values

is problematic.

In order to address this issue, here, non-empirical method for deriving scaled +U parameters
is developed and applied to the prototypical materials of correlated transition-metal monoxides
and organometallic molecules. This dissertation consists of five chapters. After an introduction
to electronic structures of correlated materials and general failures of the DFT-based first-
principles calculations in chapter one, methodologies of the DFT and linear response approach
to estimate an effective on-site Coulomb interaction, U.g, of correlated elements are described
in chapter two, where the Ueg values determined from the second derivative of the total energy
with respect to the occupation numbers of localized d-electrons within the linear response
theory. All calculations were carried out by means of the all-electron full-potential linearized
augmented plane wave (FLAPW) method. Chapter three devotes to an application of this
approach to the transition-metal monoxides, TMO (TM O Mn, Fe, Co, and Ni), where the
variation of U values by changing the muffin-tin (MT) sphere radius was examined. It is
found that the U value depends strongly on MT sphere size by more than 2 3 eV in all
systems, for example, in MnO when the MT radius is 2.0 bohr, the U.g value results in 10.1 eV
but it decreases to 7.2 eV as the MT radius increases to 2.7 bohr. The same trend in the Ueff
values was confirmed in other considered oxide systems. However, despite this large variation,

essentially identical valence band structures are obtained, and I found an approximate scaling



of Usg with regard to size of MT sphere. Thus, although simple transferability of the U.g value

among different calculation methods is not allowed, guidelines for estimating U.g are proposed.

In chapter four, this approach was applied to ground-state electronic structure calculations
of correlated organometallic metallocens, TMCpy (TM O V, Cr, Mn, Fe, Co, and Ni). In these
complexes, however, an additional difficulty intrinsically related to various electronic configu-
rations of d electrons that nearly degenerate is raised, which may numerically trap in one of
multiple local energy minima corresponding to meta-stable electronic configurations, instead
of a global minimum of the ground state. The changes due to the presence of the ligand field
of molecules further complicate theoretical analysis so that the DFT+U calculations may fail
to search a ground-state electronic configuration truly. To overcome this problem, I imple-
mented the constraint DFT+U approach that controls electronic configurations by introducing
Lagrange multipliers to the d electron density matrix. Thus, the total energies of all electronic
configurations allowed by a symmetric group were calculated self-consistently with the Lagrange
multipliers and then the ground electronic configuration was energetically determined. The pre-
dicted results demonstrate precisely the experimentally observed grand-states, i.e., *Ag,, 3Fy,
A1, 'A1y, 2Ey,, and 3 Ay, for VCpy, CrCpz, MnCpy, FeCpsy, CoCp,, and NiCpy, respectively,
while the stability between different electronic configurations is found to be very sensitive de-
pending on the U. values. Thus, an utility of constraint DFT+U method combined with

non-empirical Uyg values for analyzing properties of correlated systems was demonstrated.

Chapter five concludes the thesis that by using the proposed methodology opens a new
avenue toward reliable predictions of structures and physical properties in strongly correlated

metal complexes and gives suggestions for future calculations.
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respectively. Red and blue bars correspond to the GGA and GGA+U calculations.104

4.18 Energy diagram around the HOMO and LUMO states for (a) CoCps and (b) NiCps,.
The m is magnetic quantum number. Blue arrows indicate occupied electrons
and A shows HOMO-LUMO gap and A; (i = 1,2) energy gap from HOMO to
LUMO-+1, LUMO+2, respectively. . . . . . . . . . ... ... ... ... .... 106
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Chapter 1

Introduction

1.1 Density functional theory for correlated systems

The state-of-the-art ab-initio calculations based on density functional theory (DFT) [1-3]
provide effective approaches to predict structural and electronic properties of condensed mat-
ters, for example, ground state electronic structures, crystal structures, phonon spectra, for-
mation energies, electronic band structures, ionization potentials, superconducting properties,
and exciting energy (by time-dependent DFT) in solid and molecules. In Kohn-Sham (KS)
equation in the DFT, a problem of many-body interacting electrons is replaced by an one-
particle non-interacting problem by using an effective potential. The effective potential can be
expressed by three contributions, i) an external potential term like an attractive potential from
nucleus, ii) Hartree term of classical interacting potential between electronics, and iii) exchange-
correlation potential. The exchange-correlation potential may be given by a universal functional

of the electron density [4], but the exact form is still unknown.

The exchange-correlation term contains all contributions that compensate the many-body
effect from the non-interacting kinetic energy, the classical Hartree potential, and many-body
approximations are proposed to the exchange-correlation potential in actual calculations. Most
generally employed approximations are constructed as expansions around the homogeneous
electron gas limit, i.e., local density approximation (LDA) and generalized gradient approxi-
mation (GGA). However, they often fail to obtain ground states, for example, band structures

(band gap), magnetic moments, lattice constants, and so on, where most of them have difficulty

1



1.1. Density functional theory for correlated systems

to demonstrate localizations of electrons. This problem arises from that these approximations

generally provide quite poor descriptions of the ground state natures of N-electron system.

Much interest in correlated materials has been rapidly increased in novel engineering applica-
tions because of their unique physical properties. Among them are transition-metal monoxides,
where TMs are Mn, Fe, Co, and Ni, that show Mott-type insulators [5,6]. However, there is a
problem to treat these materials by the DFT calculations. The ground state is rock salt crystal
structure. The spin magnetic moments of TM atoms exhibit an anti-ferromagnetic (AFM)
IT ordering, where the moments within the same (111) plane are parallel and they order an-
tiparallel along the [111] direction, below their respective Néel temperatures. [7] The AFM II
magnetic ordering is stabilized by super-exchange interaction via the oxygen atoms [8,9]. From
the most literatures, even though it has been shown that many structural, magnetic, electronic
properties may be described by the LDA- or GGA [7,7,10-20], the properties of band gap
or photoemission spectra can not be described quantitatively or not at all within mean-field
approximations [21]. In CoO and FeO, while insulating electronic structures were observed in
experiments, the LDA (and GGA) calculations show a metallic state, where the partially occu-
pied triplet ¢y, state in minority channel electronic subshell results in a gapless state, in contrast
to experiments. Even in MnO and NiO, whose minority ¢, orbital are empty or fully occupied,
the LDA/GGA analysis underestimates the band gap compared to experimental values. These
failures arise from an insufficient description of localize character of the TM-3d electrons in
the LDA/GGA. The other examples includes in metal complexes: e.g., oxidized products, rare-
earth (RE) compounds, organometallic molecules and so on [22-26]. Thus, for these reasons,
an established method to capture the ground state properties for correlated materials has been

strongly desired.

Efforts to go beyond the LDA (and GGA) have widely attempted so as to include the many-
body effects, by using not only model Hamiltonians but also the DFT frameworks. The model
Hamiltonian approach, which may be a simplest way to treat correlated materials, describes
the localized electron behavior by using parameters characterizing electronic structures. For
example, Hubbard model, which is one of the most used models, is based on two parameters
for on-site Coulomb correlation and hopping terms [27-34]. In the DFT framework, several
methods to introduce the many-body effects have been developed in the last decades. Dynam-

ical mean field theory (DMFT) and reduced density matrix functional theory (RDMFT) are
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Chapter 1. Introduction

known well as notable approaches to improve the description of correlated electron systems sig-
nificantly. Hybrid functional method, in which the exchange-correlation function is combined
by the exchange-correlation function of the DFT and the exchange term in Hartree-Fock (HF)
approximation, is nowadays employed in organometallic molecule systems. Whereas, they have
very huge computational costs extremely compared to the standard DFT calculations. Thus,
an efficient approach must be required to extend to large systems consisting of a large number

of atoms.

In complex systems, DFT+U method is one of the solutions, which has been practically used
and comes very popular in the ab-initio calculation community. The total energy functional
is formulated based on the DFT complemented with the Hubbard model [35-39]. Because of
the simplicity of its expression, distinctive advantages are offered; for example, low computa-
tional costs, easy derivation of energy derivatives for atomic forces and stresses in structural
optimizations, and second derivatives for atomic force constants or elastic constants. Moreover,
since the DFT+U method introduces Hubbard-model parameters to represent screened on-site
Coulomb (U) and exchange (J) interactions, rather clear and simple understandings of physical

meaning in role of these parameters are given as a benefit.
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1.2 Problems in density functional theory for correlated

systems

Despite that the DFT provides a critical role to understand the electronic structures, most
calculations approximated within the DF'T has a serious problem. This section provides a
critical imperfection of mean-field-based DFT, which is recognized as a popular failure: a
derivative discontinuity [40-55]. This quantity may be corrected by the DET+U method (this
is indeed a primary target in this study) although the standard LDA and GGA functionals lose

it mathematically.

Firstly, the a definition of fundamental energy gap, F

sap, 15 overviewed from both experi-

ments and DFT calculations. A central quantity of the Ej,,, is exactly defined by a difference

between first ionization energy (IE) and electron affinity (A) as,

Egap = IE — A, (1.1)

where IE and A correspond to the energies where an electron puts from vacuum level to energy
levels of highest occupied (HO) and lowest unoccupied (LU) orbitals, respectively, as shown in
Fig. 1.1 (a). However, the DFT solving eigenstates of a single particle moving in an effective
potential gives an energy gap that differs from the fundamental gap of Eq. (1.1). For a given
N-electron system, the gap must be computed by considering the Kohn-Sham (KS) system of

both N and (N + 1) electrons, and be expressed in terms of the KS eigenvalues as follow:
Egap =T (N +1) — eN(N), (1.2)
where the £ (j) indicates the j-th KS-orbital energy of the M-particle system.

In the KS system with the N electrons, Ewald term diverges due to charge neutrality
breakdown because when an electron is added into the system, the energy gap is alternatively

expressed

Egp = [EN(N+1)—¥(N)] + [N +1) — V(N +1)] (1.3)

= Ay + Ay (1.4)
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Figure 1.1: Schematics of energies of the highest occupied (HO), ego, and the lowest unoccupied
(LU), eLu, orbital states in experiment, compared to those of one-electron Kohn-Sham orbitals,
e?f), for N- and (N + 1)-electron systems in density functional theory. The e?f) denotes j-th
eigenstates for M-electron system and yellow circles are electrons. The fundamental gap can
be expressed using difference between the first ionization energy (IE) and the electron affinity
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where N-electrons of non-interacting KS system eigenstates Ay are used but there is a cor-
rection term. [40-42,56]. In the DFT (and even in Hartree-Fock approximation), when an
additional electron is put in the LU orbital, epy, i.e., into (N + 1)-electron system, all eigen-
states of the one-electron orbitals (KKS-orbitals) are shifted toward relatively higher in energy
compared these in the N-electron system (see Fig. 1 (b)). This energy shift from the eV (N +1)
to the eN*1(IV + 1) is the Ay, which never knows from the N-electron KS problem. Most of
approximation functions in the DFT, such as LDA and GGA, is approximately assumed to zero

(Axc = 0), thus,
Egap =~ Aks- (15)

However, the A,. is sometimes sizable in correlated systems [44,57-60]. This fact is known as

a "derivative discontinuity” problem in the computational field of correlated materials.

According to Perdew and coauthors [40], in a grand canonical ensemble that allows the
number of electrons, N, to be fractional as well as an integer, the continuous behavior of the

total energy with respect to the N is expressed using a fractional weight of w as

The Ny denotes an integer and 0 < w < 1. The curve itself is continuous while its derivative
OFE/ON has discontinuities at integers of N, resulting in a series of straight line segments
interpolating the energies corresponding to those of closed systems with integers of N, as

shown in Fig. 1.2 (a) (red line).

Janak’s theorem [61] gives an i-th eigenstate from the total energy derivative with respect

to the weight of occupation n; as

OF
8ni N

Ei- (1.7)

A further consideration of an eigenstate of HO orbital, ego, for N- and (N +1)-electron systems

give IE and A as

OEN

=N — IR 1.8
anHO €HO ) ( )
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aEN—H

8nHO

respectively (thanks to ionization potential (IP) theory [62]). Figure 1.2 (b) shows the depen-
dence of egp on the N. Based on the Eq. (1.1) and the IP theorem, the fundamental gap is the
difference of ef%™ and e)?), corresponding to a magnitude of the step (A) in Fig. 1.2 (b) [63,64].
Thus, a definition of the fundamental gap must be concluded as a ”discontinuity” (step, A) of

the slope of ego which, equals to the total energy ”derivative”, at Ny.

In the fundamental gap given by Eq. (1.4), note that the Ay must be obtained from a
non-interacting kinetic energy term and A,. from exchange-correlation term in the Kohn-Sham
Hamiltonian, respectively, while a classical Hertree potential and an external potential do not
contribute to the derivative discontinuity behaviors. Thus, this A,., being missed by the
LDA and GGA, should be what to be corrected precisely. As described previously, the total
energy of the standard (approximate) DFT calculation is parabola as a function of the N
because a variable n(r) varies analytically and continuously, while exact total energy should
be a piecewise-linear with an integer variable N. Hence, the DF'T+U method is expected to
recover the quadratic curve of approximate DFT to fit the exact one. In other words, the
DFT+U method plays a role to reintroduce the derivative discontinuity into the mean-field
Kohn-Sham potential: approximately A,. &~ U.s. Importantly, this additional term is expected
to contribute to not only the fundamental gap but also ground state electronic structures and

other physical properties.

1.3 DFT-+U method for correlation correction

The DFT+U method, which is required to solve the derivative discontinuity problem, is one
of powerful and conventional tools suitable for calculations of large systems without expensive
computational costs [29,37,38,65-67]. Further, it has been used to successfully calculate elec-
tronic structures, magnetic and optical properties that agree with experiments. For example,
Yang et al. [68] have demonstrated that in bulk fcc Ni Coulomb correlations treated within the
+U method (U=1.9 eV, J=1.2 eV) push degenerate d states away from the Fermi level, and
that this behavior stabilizes the magnetic anisotropy along the [111] direction in agreement

with experiments, [69,70] but contrary to U = 0 calculations. The +U method was also suc-
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Figure 1.2: (a) Total energy profile with respect to number of electrons at a site where the
electrons are localized. If an effective potential in Kohn-Sham Hamiltonian is given by exactly
correct form, the total energy corresponds to a series of straight lines interpolating the energies
of closed systems with integer number of electrons, N (see red line), but otherwise it is a
parabola (see black line). (b) The highest occupied energy, exo, depending on the N for the
exact total energy functional.
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cessfully applied [71] to explain the experimentally observed magnetic switching phenomenon
at the BaTiOs—Fe interface: The trend of the polarization versus the +U parameters was used
to clarify the magneto-electricity mechanism at the interface. The +U approach has been es-
sential in the other areas, including studies of the band gap and phase stability in polymorphic
TiOy [72] the structural and optical properties of diluted magnetic semiconductors, [73] and

the ground state electronic configuration in organometallic molecules. [74]

However, because a magnitude of the correlation correction for a given model is generally
unknown, in the most studies using the +U method, typically the values of on-site Coulomb
and exchange interaction parameters are empirically determined. One may often regard the U
and J as adjustable parameters. This analysis plays a crucial role to understand a tendency
of physical or chemical properties, but still reliable values are not clear. Also, one may set
their magnitudes to match experimental observations, for example, band gaps and magnetic
moments, but, in this case, it is impossible to predict a novel discovery of physical phenomena
in advance of the experimental studies. Alternatively, the U and J values of a bulk state
are employed for systems that are characterized by reduced symmetry, low dimensionality, or
symmetry such as nanoparticle, cluster, molecule, alloys, surfaces or interfaces [75-82]. It has
been reported that the value of Hubbard U and J for an atom in bulk solid is several times
smaller than that for a free atom [83], and the parameters at metals or insulator surfaces
are different from their bulk values because of a competition of surface electronic state and
effective band narrowing [84]. Thus, this assumption must be unsatisfactory and may mislead

conclusions.

Over the years, a number of researchers has pointed out an importance of a choice of the on-
site +U parameter for reproducing experimental observations, but the optimal value depend
on which exchange-correlation functional is used [85] and the calculated material properties
are very sensitive to the values of the on-site Coulomb and exchange terms even in the ground
state. From the viewpoint of theoretical material design by using DFT+U method, importantly,
the optimal and reliable +U parameters are necessary to obtain true ground state where the

electron correlation described by mean-field approximation is replaced by the Hubbard model.

More recently, determination of the parameters from ab-initio calculations has been at-
tempted and various non-empirical method for calculations of these values of both "bare” and

"screened” versions have been developed. Table 1.3 summarizes previous theoretically calcu-
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lated effective on-site Coulomb parameters, U;g = U — J. For Mn in MnO, Anisimov and
co-workers [36] obtained U.g = 6.04 €V by a constrained LDA approach using an orthonormal-
ized LMTO basis set, whereas Pickett et al. [86] extracted a value of 3.6 ¢V using a LCAO
basis. The parameters have also been calculated within the constrained random phase approx-
imation (cRPA). [87-89] For PAW or Wannnier (MLWF') basis sets, Ueg values are of relatively
similar magnitude (around 4 eV) for FeO, but differ more significantly in other systems, partic-
ularly NiO. [87-89] In 2005, Cococcioni and de Gironcoli [90,91] proposed a minimally extended
methodology from the limited LDA scheme based on linear response theory and the constrained
DFT method implemented using plane wave pseudopotentials; a major accomplishment was
that the derived parameter excludes energy contributions of one electron kinetic term. Their
calculated values are also listed in Table 1.3. However, these calculated values vary over a wide

ranges of values even for the same ionic state in a given material.

Comparison of absolute values of U is not meaningful since theoretically determined pa-
rameters can significantly depend on the computational setup, e.g., basis sets and projection
operators. [92] Unfortunately, this implies that choosing “good” parameters for a specific com-
putational method is problematic. Nevertheless, there is no prescription to select a proper
value in calculations. In this respect, systematical investigations of the U.g values in different

computational methods are strongly desired.
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Table 1.1: Literature’s values of the effective on-site Coulomb interaction, Usgg = U — J (in
eV), for TM atom (TM = Mn, Fe, Co, Ni) of transition-metal monoxides. The first and second
columns give the basis sets and method used to calculate U.g, respectively.

Basis set Method MnO FeO CoO NiO Ref.
LMTO* Constrained LDA 6.04 5.91 6.88 7.05 [36]
LCAOP Constrained LDA 3.6 4.6 5.0 5.1 [86]
PAW¢ cRPA 4.0 4.0 3.3 6.4 [87]
3.9 4.0 3.4 6.0 [88]
MLWF4 cRPA 5.6 4.8 6.3 5.6 [89]
pwe Linear response 5.25 4.3 6.1 2.77 [90,91]
UHF-MOf & - 3.7 - - 93]

2 LMTO: Linear muffin-tin orbital.

b LCAO: Linear combination of atomic orbitals.

¢ PAW: Projected augmented wave.

4 MLWEF: Maximally localized Wannier function.

¢ PW: Plane wave.

f UHF-MO: Un-restricted Hartree-Fock molecular orbitals.

& The Uy is determined from a relationship between the parameters and Coulomb and ex-
change integrals.
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1.4 Purpose and contents of thesis

On the basis of previous introductions, here, a methodology to derive the effective on-site
Coulomb interaction has been developed using full-potential linearized augmented plane wave
method. The linear response approach is employed to achieve the derivation of the U.g. Then,
this methodology is applied to prototypical correlated materials of transition-metal monoxides,
TMO, and organometallic metallocene molecules, TMCps, to solve following issues; (i) getting a
reliable Hubbard U.g and extracting an essential ingredient to choose the proper correction, and
(ii) analyzing an effect of on-site correlated interaction to electronic configuration in d-orbital

electrons for organometallic complex.

This dissertation is organized as follow. In Chapter 2, details of theory for calculations of the
on-site +U parameters and computational theory are presented. After introduced the DFT+U
method, the calculation procedures to obtain the effective +U values, Uyg = U — J in this
study, from linear response approach is presented. In this, all-electron full-potential linearized
augmented plane wave method based on the constraint DFT, in which Lagrange multiplier
method is introduced to control the d-electron density matrix, is used. An application of the
present method to transition-metal monoxides is devoted in Chapter 3, where an intrinsic origin
of the discrepancy among calculated Uyg values from different methodologies is considered. In
Chapter 4, this method is further applied to analysis of ground-state electronic structures
of correlated organometallic metallocenes, where the various electronic configurations of d-

electrons are energetically degenerated. The conclusion of the thesis is given in Chapter 5.
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Chapter 2

Theory and computational method

2.1 Density functional theory

2.1.1 Background of density functional theory

In quantum mechanics, motions of electrons having two characters of particle and wave

simultaneously, are basically formulated by Schrédinger equation [94] as,
HY(r;,t) = EV(r;,t), (2.1)

where Hamiltonian H consists of kinetic and potential operators for electrons and nuclei. The
U(r;, t) is many-body wave function of all particles, denoted as index i, at position r; at time
t, and FE is eigenvalues of many-body systems corresponding to orbital energies. For analysis
of behaviors of electrons and nuclei that interact in their electrostatic Coulomb interaction,
it is impossible to solve the Eq. (2.1) except for hydrogen atom where only one electron and
one proton interact each other. To solve the Schrddinger equation of Eq. (2.1) for many-
body system, several approaches have been established and one of the most famous approaches
is Born-Oppenheimer approximation which assumes that the movement of nuclei is too slow

compared to that of electrons [95]. As a result, the Hamiltonian of Schrédinger equation

13
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becomes

N

N
1 1 1 Z,
H= Vi) +zDy —— — 2.2
Z( 2 l) 2Z|Fz‘—1“j| ZZ|Fz‘—Ra| (22)
i=1 JFi i=1l o

The first term is sum of the kinetic operators for all electrons in the system, the second one is
sum of the Coulomb repulsive potential of electron-electron, and the third, sum of the electron-
nucleus Coulomb interaction, respectively. The r; is the position of i-th electron from the a-th

nucleus (Z,) at position R,,.

Many numerical methods for solving the Schrédinger equation under the Born-Oppenheimer
approximation have been developed so far. Among them are density functional theory (DFT),
developed by Hohenberg and Kohn in 1964 [1], which states ground state properties can be
obtained from the ground state electron charge densities. It importantly has an advantage: the

degree of freedom is significantly reduced to only 3 from 3N dimensions.

2.1.2 The Hohenberg-Kohn theorem

The DFT was developed semiclasically by Tohmas and Fermi in 1920s [96,97]. In the model
proposed by them, total energy for electrons is given by a functional of the charge density of
"uniform” electrons. In 1964, Hohenberg and Kohn succeeded to formulate the total energy as
a function of the charge density for a given ”external” potential for N-electron system. [1] This

is known as the Hohenberg-Kohn theorem. This theorem states:

1. The ground state total energy, E, (for a non-spin-polarized system) is given exactly as a

function of the ground state charge density, n(r), as

E = Eln). (2.3)

2. The true ground state charge density minimized the E[n] (variational principle), and other

ground state properties are also functionals of the ground state charge density.

For a spin-polarized system, the total energy and the other properties at ground state are given

by functional of spin densities. Generally, the spin densities are expressed as four-component

14
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spinors, but more simply like in collinear magnetic system, the total energy of spin-up and

-down densities, n' and n*, may be given by

E = E[n', n'. (2.4)

According to this theorem, the total energy of the considered system is
E[n] = T[n] + Eu[n] + Vew[n] + (non-classical term), (2.5)

where the first term, T'[n], is the kinetic energy of the interacting electrons, the second one,
Ey(n], is Hartree energy which counts the Coulomb interaction of electron charge density

including the contribution from itself, and the third one, Vi[n], is external potential given by

Vialn] = / ()t (1) (2.6)

However, the Hohenberg-Kohn theorem could not provide an exact form of the total energy
functional, particularly, the kinetic term of interacting electrons. Therefore, the utility of the
DFT would depend on the discovery of sufficient and accurate approximations. This problem

was solved by Kohn and Sham one year after Hohenberg and Kohn proposed their theorem.

2.1.3 The Kohn-Sham equation

Kohn and Sham, in 1965, had succeeded to solve the remaining problem in Hohenberg-
Kohn theorem, i.e., kinetic energy of interacting electrons. [2,3] They replaced this kinetic
contributions of interacting electrons with those of non-interacting ones by assuming a system,
where the electrons move freely but feel an effective potential. Even in this bold assumption,
the non-interacting kinetic term includes the most part of exact T'[n] in Eq. (2.5) and can be

calculated acculately.

To strictly formulated total energy, which has unknown part, Ey.[n], is expressed by

Eln] = Ti[n] + Eu[n] + Vexi[n] + Exc[n]. (2.7)
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The Ti[n] denotes the kinetic energy under the non-interacting assumption,

N

Lin()] = <m<r>

1=1

1
S v
2 K3

sy (23)

which is diagonalized by a single particle wave functions, ¥;(r). The 7T} is a functional of density

and satisfies Pauli principle, so the density is obtained from

n(r) = 3 [l 29

The Vixt[n] given in Eq. (2.6) is an external potential that is usually introduced as an attractive
interaction of electron-nucleus. The Hartree component of the electron-electron interaction,

FExy[n], is given by
Erln] = % / / %drdr'. (2.10)

The unknown part, Ey.[n], corresponds to the exchange-correlation energy to correct to the

interacting system.

As a result, by replacing the external potential Vi[n] in Eq. (2.6) to the potential from

nuclei, vy, (r), the total energy is finally written as
2 !
Eln] = Tun] + % / / %drdr’ n / () Vgma(r)dr + Byo[n]. (2.11)
r—r

From the variational princple under a constraint condition to conserve the electrons as a con-

stant IV,
N = /n(r)dr, (2.12)
the one-electron equation is derived as follow:

{—%V? + %H(r)} Vi(r) = eii(r). (2.13)
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The effective potential, Veg(r), is

V;aff(r) - Unucl(r) + / |I7:L(_r/r)/| dr + ch(r)- (214)

The Eq. (2.13) and (2.14) are well-known the Kohn-Sham equations in which the final solution of
energy eigenvalues, €;, and one-particle wave function, 1;(r), are determined by self-consistent
field using the charge density, n(r), of Eq. (2.9). Thus, a problem of finding the ground state
of many-body Schriodinger equation (Eq. (2.1) and (2.2)) turns to solving the Kohn-Sham

one-particle problem.

The exchange-correlation potential is given by

dEyc[n(r)]

fixe(r) = “on(r) (2.15)

and the functional Ey.[n] should include a non-classical contribution of the kinetic energy and
the Coulomb repulsion, in other words, include quantum many-body effects. In principle, this

is expressed from Eq. (2.11) as

Eyc[n] = Fn] — Ty[n] — % / / %drdr’ — /n(r)vnuel(r)dr’, (2.16)

here the Kohn-Sham total energy functional E[n| is rewritten by universal functional F[n].
However, the exact form of the Fy.[n| is still unknown, and approximated approaches are

necessary to perform numerical calculations on practical level.

2.1.4 Approximation for exchange-correlation functional

The most widely used approximation for the p,. is constructed on an assumption that the
charge density n(r) is slowly varying so that the p,. can be estimated locally by homogeneous

electron gas. This is called as local density approximation (LDA) and given by

Ee[n(r)] ~ / e (n)n(r)dr, (2.17)
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where the e, is exchange-correlation energy density which is functional of the density at a

position r. The exchange-correlation potential in Eq. (2.14) is then expressed as

)
— ]_ _—
n=n(r) ( " nén GXC(n))

Several useful functionals for LDA have been proposed by, e.g., Hedin and Lundqvist [98], von

degc(n)n
el = T

(2.18)

n=n(r)

Barth and Hedin [99], and Gunnarsson and Lundqvist [100].

For a spin polarized system, this functional is rewritten by separating the majority (spin-up)

and minority (spin-down) states as,

Ey[n'(r),n*(r)] = / (n'(r) + n*(r)) exc[n' (r), n*(r)]dr. (2.19)

The energy density e,.[n'(r), n*(r)] is also derived by an assumption locally at each position, r,
by using the homogenous electron gas description with a spin polarization m(= n'(r) — n*(r)).
The exchange-correlation potential depends on the spin direction; e.g., for spin-up,

d Exc[ne(r), ny(r)]

ple(r) = 5. (1) (2.20)

dexc(nr, my)

o (2.21)

= exe[ny(r),ny(r)] + n(r)

ny=n4(r),n =n,(r)

and same way for the spin-down. Here, the n'(r) + n*(r) is simplified by n(r). Then, the

Kohn-Sham equation is rewritten as

{—%V? + e‘%f(r)] Vio(r) = €,00;0(T), (2.22)

where the effective potential is rewritten using spin index o as,

n(r’)

), (2.23)

V(1) = tna(r) + /

|

with
N

n?(r) =Y [¢iq(r)]*. (2.24)

=1

Generalized gradient approximation (GGA) provides better results than the LDA in pre-
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dictions of bond lengths, binding energies of molecules, and crystal lattice constants, especially
for the system where the electron density vary rapidly. In the GGA, in which spatial gradients
of the charge density, Vn(r), are further introduced, the definition of the exchange-correlation

energy functional for the spin polarized case is form of
EA T (r),n(r)] = / (0! (r) + nt(r)) excln! (v), n*(x), [Vl (v)], | Vot (r)[Jdr.  (2.25)

There are most widely used GGA functionals proposed by Becke (B88) [101] and Perdew et
al. [102]. In this study, a highly parametrized functional reported by Perdew, Burke, and
Ernzerhof (PBE) [103] was employed. Note that although the GGA results are rather correct
compared to the LDA calculations typically, sometimes the GGA overcorrects the LDA, for
example, in ionic crystals. Furthermore, both the LDA and GGA give different predictions
from the experiments particularly for the localized and strongly correlated materials. Thus,
the DFT+U method which is one of approximations beyond the LDA and GGA are necessary.
The DFT+U method is described in section 2.3.
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2.2. Method of calculations

2.2 Method of calculations

2.2.1 Generalized eigenvalue problem

An one-electron wave function v (r) is expanded in terms of basis functions ¢(r). For a
system with translational symmetry with reciprocal lattice vectors, G;, the 9 (r) is expressed

using Bloch’s theorem as
Yip(r) =) i v (1), (2.26)
J

where b is a band index and ¢y, are expansion coefficients. For a simplicity, k + G; = k; is
used. The number of basis functions ¢y, (r) is truncated up to finite j, corresponding to that
within the cut-off energy, on practical level. To compute numerically, the set of basis function
{¢x,(r)} is necessary. The ¢y, are determined from a secular equation by Rayleigh-Ritz

principle [104],

> [Hjji (k) — e1pS;50 (k)] , = 0. (2.27)

bl
J

The matrix elements of the Hamiltonian, H,; (k), and overlap integral, S;;(k), are
o 0% 1 2 o o 73
Hiy () = | 017 | =5V + Ve | ok, d'r, (2.28)
and
57 (k) = /Q S on, d’r. (2.29)

The integrations are carried out over the volume of the unit cell, (2. Employing a plne wave
basis set offers significant advantages: e.g., orthogonality and diagonality in momentum. The
DFT-based electronic structure methods are classified according to the representation that are
for the density, potential, and KS-orbital. The choice of basis set has possibility to minimize
the computational and human (programming) costs of calculations, while maintaining sufficient

accuracy.

In the DFT, the coefficients ¢y, ; and the charge density n(r) are determined separately:
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Chapter 2. Theory and computational method

in this case, the solution of coefficients are repeatedly obtained by solving the Kohn-Sham
equation Eq. (2.13) (or Eq. (2.22) for spin-polarized system) for fixed charge density. When
the basis set is given, the Eq. (2.27) can be solved at each k-point in the irreducible wedge of
the Brillouin zone. Figure 2.1 shows a calculation flowchart, in which this process is known as

self-consistent field (SCF) calculations.

( Start )
| Set initial guess: n(r), {R} |
Calculate effective potential:

, E
n() dr + /n(r)ucxtdr+ 8a:c

[r—r|

A

\ 4

Vot =

Solve Kohn-Sham equation:

1
[gw + } Gilr) = £itir) |
1

Mix charge density |

nH»l —

i i
o (1 —a)ni, + ang

7'} mm—————— l ---------------

! . B k-point loop !
1| Get eigenvalues and charge density: :
E
: = - 2 1 1t ne
! ek,p and n(r) = Z [1hi(r)] X Move atom positions, {R}mv
i A
I I

| Compute total energy, Er, |

¢ Yes
| Structural optimization? |—>| Get atomic force, F g, |

iNo v
Yes No
| Calculate properties F g, converged?

( Finish )

Figure 2.1: DFT-based calculation flowchart for the self-consistent field, beginning from setting
initial charge density, n’(r) and atomic position {R}. When geometric structure optimization
is considered, the procedure in green color region is considered until atomic force is converged.
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2.2. Method of calculations

2.2.2 Augmented plane wave (APW) method to linearized APW
method

In calculations based on the DFT, several approaches have been proposed, depending on
choices of potential term (i.e., Hamiltonian) and bases set of wave functions. The choices
may be of crucial importance to solve the Kohn-Sham equations with reducing computational
costs and highly precision. This section presents augmented plane wave method (APW) and

extension to linearized APW (LAPW) method.

In a condensed matter, the potential varies continuously but approximately it may be natu-
ral to divide two regions for a space: muffin-tin (MT) regions closes to a positive ion site (atomic
nucleus) and interstitial region for the other space. This is known as a MT approximation and
schematic of the potential is shown in Fig. 2.2 (a). The crystal potential, Vijyr(r), is defined in

two regions separately as

Vagr (1) V(ra) (ro < S :inside MT sphere) (2.30)
MTAI) = .
Varz (ro > S : interstitial).

The local position vector r, is given as r, = r — R,, where r is the position, and R,, is the

center of the MT sphere o with its sphere radius S (see Fig. 2.3).

When the r, is outside the MT sphere, the potential is assumed as a constant value that
corresponds to muffin-tin zero (MTZ). A solution of non-interacting electron gas in the con-
stant potential is mathematically described by simple plane wave, e, which satisfies Bloch’s
condition. Inside the MT spheres, on the other hand, the solution of an eigenstate is expressed

by a product of radial and angular functions as
U (ra; B)Yim(T), (2.31)

where Yy, (7) is the spherical harmonics function of angular and magnetic quantum numbers ¢
and m with an radial of the local vector, t,. The u(r,; F) is the radial function that is derived

from the radial Schrédinger equation for the spherical potential Vi(r) in Eq. (2.30),

_1d (ﬁ%) + {W U, Vs(r)} we = Bug. (2.32)

2 dr 72
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Chapter 2. Theory and computational method

Figure 2.2: Schematics of the potential for (a) MT approximation and (b) full potential that
removes the MT shape approximation. The .S indicate the size of the MT sphere.
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2.2. Method of calculations

Figure 2.3: Local coordination of r, = r — R, in the divided regions into (I) inside MT sphere
and into (II) interstitial. Blue square indicate the unit cell for a 3D-bulk system. Dotted
spheres are replaced by vacuum layer for a 2D-film system: slab model.

In 1937, using this approximation, Slater [105] developed an augmented plane wave (APW)
method. The concept of this method is that the plane wave inside the spheres are augmented by
a linear combination of the solution of Eq. (2.31). The one-electron wave function is constructed

using basis function ¢y, (r) with expansion coefficients ¢y, as
Gie(r) = 3 i, e, (1), (2.33)

The summation is taken for reciprocal lattice vector G,,, where k,, = k + G,,. The resulting

APW wave functions are

1 _ikpr . o
—= eMn interstitial
APW va ( )

D, | (x) = > L an . o
Y30 > Ay ue(re; E)Yen (1) (inside MT sphere).

a (=0m=—/¢

(2.34)

The volume of the unit cell is denoted by €2. It is not guaranteed by the dual representations
in Eq. (2.34) that they are contentious on the sphere boundary. Accordingly, it is necessary to
impose a constraint: defining the coefficient A,"" through the spherical harmonics expansion of

the plane wave.
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A plane wave can be expanded by Bessel function j,

piknt  _  gikn-(ra+Ra) (2.35)
_ eikn-R4ﬂ_ Z ’ien%(kn)jf(knra)nm@'a)? (236)
Im

where the two summations with respect to the ¢ and m are simplified into ), . Boundary
condition of contentious connection of Eq. (2.34) provides the coefficients A, using Bessel

function expansion of Eq. (2.36) as

1 ik, . % ﬂ(kns)
AP = —eikn Raypibys (kg )ool 2.37
Im \/ﬁ Em( )Ug(s; E) ( )
The Bessel function is approximately defined as
1 l
Jo(x) = —sinx — - (2.38)

Finally, the eigenvalues using APW basis functions are obtained from the Eq. (2.27).

If the energy parameter E, were taken as a fixed parameter, this APW method would offer a
simple use of APW as a basis, resulting in a standard secular problem.Unfortunately, however,
this is problematic due to a non-workable scheme. The APW functions are solutions of the
Scrodinger equation inside MT spheres, but this is not achieved unless at the energy E,. They
miss variational freedom to allow for changes in eigenstates when the band energy deviates
from this reference, E,. Accordingly, the E, must be equal to the corresponding band energy,
otherwise the eigenstates at a fixed k-point can not be obtained by a single diagonarization.
This non-linear problem due to the u, depending on the band energy reference demands a much

more computationally expensive procedures.

A further difficulty within the APW framework [106, 107] is that it is hard (but not im-
possible) to extend it beyond the warped MT approximation, which would be more real shape
(non-spherical) potential in interstitial rather than constant like MT approximation, but a
spherical potential inside the spheres. This is because, in this case, the optimal variational
choice of the Fy is no longer given by setting F, to the band energy. Particularly, in general,

2. and so

different eigenstates have different orbital characters inside sphere, e.g., d,2 v.s. dz2_2,

on. Whereas, in the non-spherical potential, these orbitals should experience different effective
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2.2. Method of calculations

potentials, which differ from the spherical averaged potential being used to determine the radial

function wu,.

For solving these difficulties, several modifications of the APW method had been proposed
prior to 1975, for example by Bross and co-workers [108,109], Kéelling [110], and Marcus [111].
In order to overcome the problem in APW method as well as providing a flexible and accurate
band structure calculation method, Andersen [112, 113] proposed the linearized augmented
plane wave (LAPW) method. This is the method employed in this study. Additional variational
freedom being missed in the APW is included to the basis function inside the MT sphere so
that it is not necessary to set the F, equal to the corresponding band energy. This is done by
introducing the derivative of basis function with respect to the energy. This extension from

APW can be regarded as a ”linearization.”

Because in the APW basis, the radial functions, u,, depend on the band energy, it can be

seen as functions of r and e, thus, the u, can be expanded into a Taylor-series around a certain

EE?

ug(r:e) = w(r: Ey) +y(r: E)(e — Ep) + -+
= w(r: By) +t(r: Eg)(e — Eo) + O [(e — E)?]. (2.39)

The 1, is energy derivative of w,, u, = Ouy/de, and O [(e — E;)?] denotes errors that are

quadratic in the energy difference.

In contrast to the APW basis, the LAPW method has errors of order (¢ — E;)? in the wave
function, resulting in that of order (¢ — F;)* in calculated band energies due to the variational
principle. Owing to the high order of this errors, the LAPWs can construct a well-described
basis set over the broad regions, and all valence bands may typically be treated by a single

energy parameter sufficiently.

The basis functions of the LAPW method are formed on the same way of the APW functions

but with a different augmentation inside MT sphere region,

1 _ikper . ..
ST () 75 € (interstitial) (2.40
" ST AL we(ra; Ee) + Bltie(ra; Ee)] Y om (F) (inside MT sphere),
a fm
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where an extra term of By, u(r; Ey) is introduced in radial part compared to APW. The
energy derivative functions of scalar relativistic radial functions ,(r) are calculated from a

radial Schrodinger equation derived by taking the energy derivative of Eq. (2.32),

1d>  10(0+1)
__+_

“saE a2 V- E@} rig(r) = rug(r). (2.41)

In any cases, the radial u,(r) is required the normalization inside the MT sphere of darius 9,
s
(uglug)s = / ug(r)ride = 1. (2.42)
0

Orthogonality of u, and 1, is easily obtained from the derivative of Eq. (2.42) with respect to
the energy,

<Ug|ﬂg>g == <ﬂg|Ug>s = 0. (243)
Rewritting the radial part of Eq. (2.40) as
O = (A ue(ra; Be) + By (ra; Be)| i Vi (), (2.44)

integrations in the a-th MT sphere, o, are summarized with ¢y, as its energy derivative:

Ceom|Com)s = EedowrSmme,

( ) (2.45)
(Pem|em)s = 0, (2.46)
(Pemlorm)s = 0, (2.47)
< ) (2.48)

Oom|Pem)s = Neew O -
The matrix elements of one-electron Hamiltonian, H, are

Com|H|pom)s = Eedew Opmy,

{
{
(bem| H|pem)s =0,
{

)

Cem|H|Pom)s = oo,
)
)

¢€m|H|¢f’m’ s = E€N€5€E’5mm’a
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2.2. Method of calculations

where the (|) indicates a integral of inside sphere and Ny is given by

S
N, = /O [0 (r; Ey))” r2dr. (2.53)

The coefficients Ay and B, in Eq. (2.40) is determined by requirements that not only
the value of the wave function but also their derivative with respect to the r are continuous on

the sphere boundaries. Using an identity of Eq. (2.36), they are written as

A = AnSayY, (k). (2.54)
Bo = 4rSPH Y, (kn), (2.55)

where
ay = knjo(knS)e(S; Ep) — jo(knS)iy(S; Er), (2.56)

The ) is derivative function with respect to the r, uj, = Ju,/0r.

To end, introducing the one-particle wave function, ¢y 4(r), in Eq. (2.33) expanded using

the LAPW basis set ¢V of Eq. (2.40) into one-electron equation
Hipnp(r) = Etfyp(r), (2.58)
the secular equation is given in matrix representation,
HC = SCE. (2.59)
The Hermitian matrix elements of the Hamiltonian and overlap integral are

{Hbww = (e H|oEY)

= (ky k) U (k, — ky)
+47r52
Q

<2€ + 1)Pg(kn . kn/) (EgSng/ + P)/E,nn’) , (260)
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{stww = <¢£fPW|¢LAPW>

7S?
= Uk, —ky) T; (20 4+ 1) Pi(ky, - K )Sppm- (2.61)

Here, U(G), Sgnns, and 7y, are defined as

471'52 ]g(GS)
UG) = da — EaA A 2.62
St = ajpay + bjbp Ny, (2.63)
Yenn = uéulf{kjjz,nj&n’ + jﬁ,nkn’jé,n} - {uﬁuléjﬁ,nj&n’ + ufufknjé,nkn’jé,n’}a (264)

with the simplification of j,,, = ju(k,,S), respectively.

Numerical difficulties, i.e., non-linear secular equation problem, in the APW method are
overcome by constructing the LAPW basis set, in which a set of energy parameters equal to
corresponding band energies is no longer necessary and the eigenstates are computed from
a single diagonarization of Hamiltonian matrix. Because the LAPW basis is introduced a
greater flexibility than tha APW method inside spheres, i.e., freedom of two radial functions
in LAPWs while only one in APWs, it is expected that the LAPW method can be extended to

treat potentials that beyond non-spherical ones. This method is overviewed in next subsection.

2.2.3 Full-potential method and slab calculations

The accuracy of the different shape approximations depends strongly on the system con-
sidered. The approach which divides into two spaces of inside MT spheres and the others,
i.e., interstitial region, is quite good for close-packed metals. However, it may be difficult to
justify its validity for crystals with open structures such as semiconductors and perovskites,
reduced symmetry solids such as surfaces and interfaces, or the localized electrons in the oxides
and molecules. The full-potential LAPW (FLAPW) method that removes the remaining the
MT shape approximation (Fig. 2.2 (b)) is expected to be ideally suited for treating electronic

structures of low symmetry and strongly correlated systems.

The FLAPW method is based on the fact that the potential of interstitial region, Vi (r), is
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given by the expansion of multipole moment, g, as [114]

47 Yo (r)
Via(r) = 3 5 g 0m= g (2.65)

Im

where

Qom = / Yy (r)rfn(r)d’r, (2.66)
S
and on the Dirichlet problem for a sphere.

The potential for the interstitial region depends on only the charge density through the
Gem in Eq. (2.65), then what we need to get this potential is only the Fourier expansion of the
smooth interstitial charge density which is of convergent very well and the multipole moments
of the charge density in the MT spheres. According to Weinert [115], because of the fact
that the multipole moments do not define a charge density uniquely, true charges in the MT
spheres can be replaced with a pseudo-charge density of the same multipole moments, but
importantly, the Fourier representation of this pseudo-charge requires to converge rapidly. The
pseudo-charge density provides the Coulomb potential everywhere in the interstitial and on
the spheres, then, the potential inside the spheres is determined from solving the Dirichlet
boundary-value problem using the real charge density in this region. This approach is known

as a pseudo-charge method proposed by Weinert in 1981 [115].

In this subsection, the charge density that corresponds to a solution of Poisson’s equation
solved by Weinert’s method and the potential constructed by the obtained charges are sum-
marized. Since this method will be applied to isolated organometallic molecules within the
slab model in Chapter 4, the FLAPW formulations extended to two dimensional (2D) film

calculations [116-118] is focused.

The solution of the charge density for the 2D slab model (see Fig. 2.3) is given by

( Gmaﬁl)
> > my Y cos(kyz)Py(r) (interstitial)
n(r) =< Yo (ra)Kya(fa) —2Z,0(r,)  (inside MT sphere) (2.67)
Comae
> ng(2)P4(r) (vacuum).
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Here, a 2D pane-wave star function used for the interstitial representation has the full 2D

symmetry of the film and is expressed as

1 "
Oy(r) = — Y MG rtn), (2.68)

Nop =

where G, is a 2D star representative reciprocal lattice vector and summed up to the cut-off
Gumaz, R are the rotational components of the space group operations, {R|tg}, tg is a non-
primitive 2D translation vector, and n,, is the number of the space-group operations. Lattice

harmonics used for the sphere representation have a form of

Z Yoy (P (2.69)

where coefficients C7,, are determined by requirements of non-invariant of the lattice har-
monics under the rotations corresponding to the site symmetry and being real functions and

orthonormal. The lattice harmonics can be rotated by appropriate rotation matrices,

D(R) = (-1)'PD(e, 3, 7), (2.70)

where «, 3,y are the Euler angles and P is the determinant of R (1 or -1). The matrices of the
D(«, 8,7) are given by (see for example Ref. [119])

Dmm’ (C(, B: 7) = eiimadmm/ (ﬁ)@iim/’y, (271)

where

VA m)C—m)(+m)(C—m')!
C+m =)l —m/ + )t +m' —m)!

X cos2brm=m' =2t (g) sinZfHm’=m <§) (2.72)

with a summation of ¢ that requires non-negative restriction of the factorials in the denominator.

e 8) = (1)

t

The rotations are applied to the real spherical harmonics and summation is carried out over
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the operators R in the local site symmetry,

> [Dan(R) + (=)D (R)] (M >0)

cM = ¢ R (2.73)
%:i [Dyne(R) = (-1)MD,,z(R)] (M <0).

The C™) gatisfy the Gramm-Schmidt orthonormalization. Finally, the coefficients except for
the zero-norm or linearly dependent values are discarded, then remaining C™) result in the

Cy.m, where v is a numbering of the survivors [120].

Since the pseudo-charge method is inspired by the fact that the potential outside the MT
spheres is not affected by the actual shape of the charge density inside spheres but only on
the multipole moments, the violently fluctuated charge inside the MT spheres can be replaced
by smoother charge (full pseudo-charge density) with no changes in the potential for the other
regions. The charge density expressed by a rapidly converged Fourier expansion of this smooth

pseudo charge can be resulted in

n(r) =Y ne(z)2(r), (2.74)
a

which may be extremely desired form in an aspect of fast convergence. Once the charge density
is obtained from the Poisson’s equation, the potential everywhere outside and on the MT spheres
are correctly given. Then, description of this potential is extended to the lattice harmonics
expansion on the sphere boundaries. This expansion for the potential inside spheres is found
from Green’s function method using the original charge density and obtained potential on the
sphere as a manner of the boundary condition problem. The Coulomb potential for interstitial

region is finally obtained as the expansion of [117,121]

Gmaz

Vo(r) =Y ) Vo cos(kn2)®y(r) + Y dy cosh(G,z)4(x). (2.75)
G s

s#0

Finally, the total potential is given. By performing least-squares fits of the Coulomb po-
tential of Eq. (2.75) and exchange-correlation potential, a three dimensional (3D) or 2D star-

function expansion and a lattice harmonics expansion are obtained, respectively. As a result,
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the total potential is represented in an analogous manner to the total charge density as

( Gmaz
> > Vit cos(knz)®s(r) (interstitial)
V(r) =< VM (re)K,a(ta) — 2Z,6(r,)  (inside MT sphere) (2.76)
Conga
> Vi(2)P4(1) (vacuum).
L s

2.3 +U method for correlation correction

2.3.1 The formulations for DFT+U method

While the LDA and GGA have achieved great successes for describing the electronic be-
haviors of s and p orbitals, they have found to be insufficient to predict correct electronic and
magnetic structures of localized electrons such as d and f orbitals. Particularly, the 3d and 4 f
orbitals do not form large (strong) overlaps with the surrounding ligand orbitals and more local-
ized near the corresponding atoms. The orbital energies of 3d and 4f orbitals may suffer from
self-interaction error in the LDA and GGA calculations. As a result, this leads to problematic
situation, where the LDA and GGA incorrectly predict ground state, i.e., misunderstanding

band gaps, magnetic moments, lattice constants, and so on.

In order to improve this issue, the DFT+U methodology has been first proposed [36] whose
basis idea is in the Hubbard model [29-34]. In the Hubbard model, the electron-electron
repulsion on a certain atom (site) is quantified by so-called Hubbard on-site Coulomb parameter.
Further, Anderson model [66] has been proposed to study magnetic properties of impurity in
non-magnetic system based on the Hubbard model. Inspired by these successes, Anisimov
et al. [36] suggested an additional energy correction term, which is orbital dependent, to the
standard DFT energy functional. This originates the DF'T+U functionals, in which a screened

Hartree-Fock type electron-electron interaction is introduced for localized 3d and 4 f electrons.

So far, in solid state electronic structure community, several implementations for the DFT+U
method have been presented, for example, in linear muffin-tin orbitals [36], projector augmented-
wave [122], pseudopotential plane-wave [123], full-potential local orbital [124], and linear-
combination of pseudo-atomic-orbital [125] methods. In this study, the formulations imple-

mented into the FLAPW method [126] presented by Shick et al. was employed.
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Total energy functional of the DFT+U in variational form is taken as [67]
ETotal[n<r)7 ﬁ] = EDFT[TL(I')] + Eee(ﬁ) — Edc(ﬁ> (277)

The first term is the usual total energy in the DFT, i.e., LDA or GGA, that is a function of
the total electron spin densities with spin index, o (¢ =1 or |), as given in Eq. (2.24). Ee(n)
is an electron-electron interaction energy, and Fq.(n) is ”double-counting” term that subtracts

the electron-electron interaction energy already included in the mean-field approximation.

According to the multiband Hubbard model for d (f) electrons, the Ee.(72) is formed by

1 -
Beli) =5 Y D My ({1, ma|Veclma, ma)

mi,mz,m3,msq o,0’

/

_<m17 m3|‘/ee|m27 m4>500’] n

(2.78)

m3my’

where the V. is an effective on-site Coulomb interaction, and ( | ) takes over an angular

g

component. The ny

is density matrix for the d (f) orbital at an on-site. Matrix elements
of the electron-electron interaction in Eq. (2.78) is expressed in terms of complex spherical

harmonics,
<m1, m?)l‘/ee|m27 m4> = Zak(mla ma, m3,m4)F(k)7 (2-79)
k

where k of 0 > k > 2/, and

k
Z <Y€m1|qu|nm2><nm3|yk*q|nm4>- (2-80)

q=—k

4

ak(m17m27m3am4) - 2]{:_'_ 1

One can use the Gaunt coefficients

20+ 1)(20 + 1)(20" +1)]"?
47

Vi Vil Vims) = (—1)™ [

E El g/l 6 él E//
X . (2.81)

0 0 O —-m m m”
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The Slater integral F®) [127-129)] is given by

o) ’I“k
2 _ / R (1) By (r)—erdradra, (2.82)
0

>

where r- and r. indicate max{ry,r} and min{ry,r}, respectively. Here, R,,(r) simplifies
the radial part of the LAPW basis in Eq. (2.40). Note that, in the Ee(n) of Eq. (2.78), if
m; = mg = mg = my and o = ¢’ are satisfied, the self-interaction in the first term is exactly
canceled by the exchange interaction in the second term, which is one of the important natures

of the DFT+U method.

In the atomic limit, the double-counting energy term is expressed as
~ U J O[O
Eae(R)) = Zn(n—1) = 3 > n7(n? —1), (2.83)

where on-site Coulomb interaction U and exchange interaction J parameters may be given by

1

TS m§3<m1’m3|%‘9|m1’m3>’ (2.84)
J = U 1 > Voo ) Vol \ (2.85)
= QK(QK n 1) P my, M3|Vee |11, 13 mi, Mmg|Vee|m1, ms)| . ]

For the d electrons, only F© F® and F@ of Slater integrals are needed to identify the
effective on-site U and J in Hartree-Fock-like atomic limit: simply one obtains the U and J

through the relations of

U = FO, (2.86)
F@ L p@
J = — - 2.87
o (2.87)
F

In Eq. (2.83), the n” = Tr(n?) = Tr(ng,,.,), and n = >__n? is a total d (f) on-site occupation
numbers. In this study, a simplified scheme corresponding to a limit of J = 0 is adopted, or
alternatively, the J effects are mimicked redefining the on-site parameters as effective on-site

Coulomb interaction, Usg = U — J [130].
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2.3.2 Implementation to (F)LAPW method

Using the wave function of Eq. (2.33), with the LAPW basis set given in Eq. (2.40), the

spin density is

, (2.89)

2
= fub |08,
kb

where fy, is the occupations of the state. Matrix elements of density matrix is taken from the

projection of the wave function onto Yy, subspace,

o _ T, % o
nﬁm,ﬁ’m’ - E :fk7b § : CGn,bCGn/,b

k,b G,/ ,Gn
G /I o *,G n! 0
X /[az, ug (r;) + bz, ug (r;)]
x[aﬁ;uk (ri) + bG"ue (r)]r 2dr. (2.90)

Since this expression indicate that the density matrix is not to be diagonal in ¢, keeping only

¢’ =/ becomes the density matrix as

¢ ¢
ng.. = ka,b G " bCG b aén,*aec’f +5b m*bem * (|, ] (2.91)
G,1,.Gn

where radial part is integrated. Finally, Eq. (2.91) can be rewritten as

ag ag ag ag ag 1 ea g g s
Nymr = Z Jico [<W Yom| o) (P p|ug Yem) + W(“e Vom0 p) (D |04 Yém’>} : (2.92)
k,b

g

From the minimization of the defined total energy (Eq. 2.77) with respect to ;" using
Eq. (2.92) and orthogonality of wave functions [131],

0E 03 eifi{9197)
YT o7

=0, (2.93)
the Kohn-Sham equation for the DFT+U method is formed as

1
5 Va0 + S = et (2.94)
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Chapter 2. Theory and computational method

The effective potential Vg is the LDA- or GGA-based one-particle potential, and V¢ , which

acts only on Yy, subspace of the d (f) electron is

!

Vi =Y ((m,plVeelm/, q) = (m, p|Veelg,m')650) 0,
b,q

1 o1
G U (n - 5) 4 S (n - 5) . (2.95)

Further consideration with Eq. (2.92) provides

[ea

5n$nm’ o o o 1 e o\ O
ST (ug Yo [107 )7 Yo + WW@ Yom U7 )07 Yeny (2.96)
1 AN AN o
= [quYemI>(U?Yem! + —— g Yo ) (0] }/Em’:| Y (2.97)
(g g )

a o . . . /
where the P? , is regarded as a projection operator onto mm' subspace.

2.3.3 Second variation procedure

The Kohn-Sham equation in Eq. (2.94) can be solved efficiently by adapting a second
variation approach [126]. First of all, one may introduce an auxiliary orthogonal basis set

{¢xp} which satisfies the standard DFT-based band Hamiltonian within the LDA/GGA,

1 o g (oa g
{—§V2 + eff:| Orp(r) = ex popp(T). (2.98)

Note that the function ¢y seems to be DFT wave functions, but the charge density made by
them never goes into V%, thus, this function differs from the DFT eigenstates. In the second
variation method, a solution of the DFT+U at i-th state, 1j, can be expanded by auxiliary

functions, ¢y, as
[ = > diles)- (2.99)
J
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2.83. +U method for correlation correction

In term with the basis of Eq. (2.99), the Kohn-Sham equation is transformed from Eq. (2.94)

to the following:

Doedilei) + > di Y Vi (g Yoo yig (r) Yo (1)
j j

mm/

(UG Yem|05) 07 (1) Yom (1) / (e tie)] = € Z djle;), (2.100)
J
Here, the second-variation Hamiltonian that satisfies a secular equation

> (Hppriv),; diy = eidl, (2.101)
J
is of form as

(HDFT—i-U);j/ = €057 + ZK%/W?Yfm’)Ver' (uf Yome[50)

mm/

W7 Yem ) Vi (67 Yo [905) [ (0 7] (2.102)

The orthogonality relation (¢;|¢;) = ¢;; is used.

A flowchart for solving the DFT+U-based Kohn-Sham equations by second variation pro-

cedure is shown in Fig. 2.4. The self-consistent solution of Eq. (2.94) is calculated as follows.

(i) To get an orthogonal and auxiliary basis set, the Eq. (2.98) for a given DFT effective

potential is solved.

(ii) By employing this basis set, one solves the Eq. (2.100) (and Eq. (2.101)) where the
DFT+U Hamiltonian is expressed by Eq. (2.102) to obtain the variational coefficients dj.
This d’ is needed in Eq. (2.99) to constructs the solution of DFT+U.

(iii) The new DFT+U wave function is projected back to the LAPW basis set to calculate the

charge and spin densities up to achieving a self-consistent solution at the end.
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Chapter 2. Theory and computational method

2.4 Linear response calculations using constraint density

functional theory

As it was explained in Chapter 1, several methods have been proposed to determine the
(effective) on-site Coulomb (and exchange) interaction [36,86-88,90,91,93,132-134]. In this
thesis, a linear response approach, presented by Cociccioni and de Gironcoli [90, 135], is em-
ployed. This approach is minimally extended from the limited LDA scheme and accomplishes
that the derived parameter excludes energy contributions of one-electron kinetic term. In this
method, which was inspired originally by the linear response scheme studied by Pikett and
coworkers [86], the d-electron occupations are constrained to vary around the unconstrained

LDA- or GGA-result to calculate the U.g value.

Firstly, the mean-field total energy as a function of the total d (f)-orbital occupancy at
localized site o, E[{n5}], is considered. Then, the second derivative of the total energy with re-
spect to the d-occupancy, dE2[{ng}]/d (ng)?, is numerically calculated. However, this quantity
does not correspond to the U.g because it includes a non-related one-electron kinetic contribu-
tion. [90,135,136] The kinetic energy contribution is not originated from the electron-electron in-
teraction, and it also includes a quadratic behavior of non perturbed sites, i.e., re-hybridization
of atomic orbitals and/or possible itinerant valence electrons. Strictly speaking, it is correctly
taken into account in LDA (GGA) and not a quantity to be corrected by the +U method.

Thus, including it into the on-site U.g leads to a double counting error.

Accordingly, in this approach, the effective on-site Coulomb interaction U.g is calculated

from the difference between the second derivatives of the total energies as

PE[{ng}]  PE*[{ng}]

Uet =
oy 9 (ng)?

: (2.103)

where E[{ng}] and EXS[{ng}] are the self-consistent-field (SCF) and non-interacting (non-self-
consistent) Kohn-Sham (KS) total energiges. The second term subtracts the contributions
for the non-interacting Kohn-Sham problem from the SCF result because the derivative of
E[{n5}] includes a part that does not related to electron-electron interaction but attributing

tod a kinetic contribution. [90, 135, 136]

The evaluation of the Uy for the d electron is obtained in constraint DFT (CDFT) ap-
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( Enter second variation loop for DFT+U )

!

Solve DFT-based Kohn-Sham equation:
Hprrog, = 9k

y

Calculate matrix elements of DFT+U Hamiltonian, Hppr,

{Hprriuly; = (U |[Hprr|¥))

where ¢ configures second variation wave function, 9); :

Y=Y djp,
J

!

Solve secular equation:

> {Hppriulj,d; = ed;

J

Mix charge density

i+1 _ [ 3
Nin = (1 - a)nin + ANyt

$ A
Back variation coefficients d; into (VX

P = Zdj%’
|

Get charge density:

n(r) converged?

( Exit second variation loop for DFT+U )

Figure 2.4: Flowchart of the second variation method for DFT+U calculations.
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proach [74,137-139]. By adding a general constraint

Tm = N (2.104)
a total energy functional for the CDF'T is formed as
Ecppr[n(r), n,,] = Eppr[n(@)] + > 18, (0%, = Now) (2.105)

where a constraint field (Lagrange multiplier), p2, ; that can be denoted as a field to constrain
the density matrix is introduced. The m is magnetic quantum number of —2 ~ 2 for the d
orbital. The Eppr[n(r)] is the total energy functional in the DFT, n®  is a standard density
matrix of the d orbitals of an atom «, and N}, is a desired occupation number that should be

constrained.

In order to derive the U.g, the DFT total energy as a function of the d-orbital occupation
numbers at site o, F[{ng}] is constructed. Instead of calculating the E[{nJ}], in the present
study, we calculate directly the energy difference with respect to a reference state, i.e., ground
state. By taking an advantage from Hellmann-Feynman theorem [140, 141], derivation of the

total energy E[{n$}] is obtained as

OE[{ng}]
— = 2.106
ons s (2.106)
and, in the same way, the KS term is
OE™[{ng}] KS
— 0 = . 2.107
ans p (2.107)
Further derivative gives
2E «
ong ong
QEKS « KS
ong on§
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2.4. Linear response calculations using constraint density functional theory

In practice, the interaction and non-interaction density matrices,

on
Xpa = af , (2.110)
on
KS __ B
X5 = 5 s (2.111)

are introduced, where ng is the occupation number at site 3 when constraint p, is applied at
site . The derivatives are numerically computed; x*°, which does not include screening, is
obtained from the first iteration in the self-consistent calculation loop starting from the DFT

self-consistent charge density. Then the Uy in Eq. (2.103) is estimated as

« a/vboz (9,ufjs _ B
F T T ong (_ ong )~ (Xis =X ) g (2.112)

The Ug value at site o should be calculated by considering a large enough number of
neighbor atoms from the corresponding perturbed site to exclude artifacts arising from peri-
odic boundary condition and implicity in the calculations of the inverse of response function
matrices. [90, 135, 136] Practically, super-cells with increasing size, i.e., repeating the linear
response calculations for larger and lager unit- or super-cells, are introduced up to the U
value reasonably converged. This means that, as shown in Fig. 2.5, the charge re-distribution

dominating the screening from more and more distant non-perturbed neighbors can be treated.

Further, it is useful to include any other overall charge behaviors, for example, that of precise
s and p states of the strongly correlated Hubbard site and the possible itinerant electrons in the
interstitial region, as well as that of the localized-orbital occupation numbers of non-perturbed
sites. [136] This can be easily done by introducing one more column and one more row in the
linear response matrices. In this context, the size of matrix of both y and x*® are built with
(M +1) x (M + 1) matrix, but not M x M, in which M denotes the number of Hubbard atom
site under consideration in the employed unit- or super-cell. A schematic of this is shown in
Fig. 2.6. These additional degrees of freedom are determined by a requirement that a charge
neutrality preserves in whole the space: thus, > (9ng/dpa) = > 5(9ns/0ua) = 0. Note that,
from the viewpoint of mathematics, a simple strategy is needed to avoid ill-defined inversion
matrices of (M + 1) x (M + 1)-sized x and x¥°. Briefly, a same amount of v is added to all

matrix elements to shift the null eigenvalue (see Ref. [136] for more detail).
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Chapter 2. Theory and computational method

Now, the variation principle is applied to the total energy in Eq. (2.105). To minimize the
Ecprr[n(r),n?,,] under the orthonormality (¢;]1);) = d;;, according to the general procedure,

another Lagrange multiplier, ¢;, is used to built a function

E = Ecprr[n Z& (Y WJ ZJ) (2.113)
N
= EDFT + Z:umm Npym — Nglm) Zgi (<¢Z|¢j> - 51]) . (2114)

Then, eigencondition 6 F/ 0y =0 gives

SF 5EDFT P
— E _ O‘ _ E . . N A 211
= Hpprthi+ Y i 51’;? —eithy = 0 (2.116)

Thus, the Kohn-Sham equations can be written in the form

i = e, (2.117)

[HDFT + Z :u?nmpﬁzm

where the projection operator onto the mm subspace in the LAPW basis is given, in the same

way as Eq. (2.97), by

R 1
P = [0gYem) (ug Yom| + (g e >|u£Y€m><W Yoml, (2.118)
Ug
and the density matrix ng,, is
= Z fk,b<wk,b|pﬁim‘¢k,b>- (2.119)
kb

In practice, we specify a set of constrained fields . along the direction of the eigenvectors of
n&, .. Then, the pu&, s, which are rotated back from the u&s are introduced in Eq. (2.117), and
the corresponding nf, s are determined self-consistently. The total energy is calculated using
Eq. (2.105) with N2, = n2,.. Figure 2.7 finally summarizes procedures to compute the Udg in

m

the linear response calculations.
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2.4. Linear response calculations using constraint density functional theory

On-site

(b)

1 x1x1 unit-cell 2x2x2 supercell 3x3x3 supercell

Figure 2.5: (a) On-site atom in periodic system. Blue circle shows an on-site atom, where d
electrons are localized, and gray circles show itinerant electron sites which is preferred by non-
metal atoms possessing s and p electrons. (b) Schematics of the supercells which eliminates
periodic boundary condition effects from on-site atom used in the calculations of the Uyg. Red
squares are considered unit cells in 1 x 1 x 1 (left panel), 2 x 2 x 2 (center), and 3 x 3 x 3
(right), respectively.
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( anl anl anl \
duq Oum || Oum+1
. on;
(KS) _ ' o
Xga =
anM anM anM
U, Oup  |[Otm+1
0np41 Onp41 anM+1/
<— Added
duq Opym  |0Um+1 s

T

Added column

Figure 2.6: Schematic of matrix elements for response matrices, Y. The (M + 1) x (M +1)
matrix is constructed by adding one more column (red square) and one more row (blue) for
efficient calculations considering effects from the non-Hubbard atom sites.
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2.4. Linear response calculations using constraint density functional theory

C Start )
|

Calculate self-consistent charge density in DFT: n(r) |«

| '

Get interacting response matrix: Get non-interacting response matrix:
(o = —_—
Olle, Ba Olhe

;

Determine U, at site o

G = (ks =X oa

Increase cell size

No

U,

. converged?

C Finish )

Figure 2.7: Flowchart for the linear response calculations of the U.;. At blue colored step,
c¢DFT approach is adopted to get the response functions x by applying constraint field to the
d-level occupancy.
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Chapter 2. Theory and computational method

2.5 Kohn-Sham-Dirac equation and scalar relativistic ap-

proximation

If the electrons are close to the nuclei and their motions are dominated by large kinetic
contributions, the relativistic effect should not be neglected. Basically, the electrons inside
MT spheres should be treated relativistically, while those in interstitial (and vacuum) regions
may be non-relativistically. The Kohn-Sham equation, in which the relativistic effects are not

considered, is extended to a single particle Dirac-equation, i.e., Kohn-Sham-Dirac equation, as
{ca-p + (8= 1)mc® + Veg(r) }obi = e¢s. (2.120)

The vector operator « is 4 X 4 matrix whose components are written using the Pauli-spin

matrices, o, as

a = : (2.121)

Oy = , Oy = , O, = : (2.122)
10 -1 0 0 -1
The p is the momentum operator, p = —ihV, and the § matrix is represented with (n x n)
unit matrix I,, as
I, 0
b= : (2.123)
0 —I,

Quantities of m and ¢ are electron mass and the speed of light, respectively. In the relativistic
Dirac equations, the quantum numbers of ¢, m, and s are no longer the "good” quantum
numbers due to the effect of spin-orbit coupling (SOC), instead, these values are replaced by

the quantum numbers of k and p. The k and p are respective eigenvalues of the operator of K,

K=8(c-10)), (2.124)
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2.5. Kohn-Sham-Dirac equation and scalar relativistic approximation

and that of total angular momentum j (and j.): j is sum of ¢ and s,
j=1{+s. (2.125)

In the ku space, eigenstates inside the MT spheres, 1);, in a central-force potential in Eq. (2.120)

are four component wave functions and of the form of

(1) X
Pi(r) = Py (1) = ‘ g , (2.126)
_me(r)O-TXnu
where g, (r) and f,(r) are called as large and small components, respectively. Functions of spin
angular, Y, are eigenfunctions of j, j., K, and S? with eigenvalues of j, u, k, and s = 1/2,
respectively, and can be expanded into a sum of product of spherical harmonics and Pauli

spinors with the Clebsh-Gordan coefficients as their expansion coefficients. The large and

small components satisfy the following set of radial equations:

filr) =

Vig — E)ge(r) + <“ — 1) (), (2.127)

L,
g.(r) = (“H) ) + 2Mefo(r), (2.128)

with the relativistic mass M = m+ (E — Veg(r))/(2¢?). In these equations, the prime indicates
the differentiation with respect to radial r, i.e., f. = 0f,./0r, g.. = 0g,/Or, and the energy F
is defined as F = mc?. Solving Eq. (2.128) for f.(r) and substituting it into Eq. (2.127), we

obtain

17, 2, +1) V'ge k+1 Vg,
- ——0g.| — — = Fg,. 2.129
2M In r In r2 g 4M2c2 r 4M?32c? g ( )

Second term including (dV//dr)(dg/dr) in left-hand side is known as the Darwin term, and third

term is the SOC term, which depends on the sign of x number: the « is given as

14 for j=0+1/2
o rJ / (2.130)
—(l+1) forj=0—-1)/2.

When these two terms can be ignored, the Eq. (2.129) seems to be a radial Schrédinger equa-
tion. One may get the g, from the Eq. (2.129) keeping the spin quantum number as a good
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quantum number, but typically it is difficult to solve with highly precision. Moreover, the small
component f, may be of importance in calculations for core-state charge density as well. In
1977, Kolling and Harmon overcame this difficulty so as to introduce relativistic effects into

practical band structure calculations [142].

In scalar-relativistic approximation (SRA) that was established by Kolling and Harmon [142],
the effect of the SOC can be treated as a perturbation after the relativistic spin-polarized based
bands and wave functions are obtained. Thus, this approach can be regarded as reduction of
the Dirac equation, in which the SOC is initially omitted while other relativistic effects are
included, the second variation procedure. The advantage in this approach is that the spin

quantum number can be still kept as a ”"good” quantum number.

To derive the SRA solution, a new function ¢,(r) is defined

L,
K = =0y 2.131
then the f,(r) is given as
Fulr) = 64 (2.132)
wk\T) = @Ok “r Yk .
2Mcrg

Using Eq. (2.131) and (2.132), we can rewrite Eq. (2.127) and (2.128)

g. = 2Mcg,, (2.133)
, 2 1) 1 kot 1
qb;i = _;QSH + ( )

M/

—-(V-F s
2l )+2M027" g

2.134
2Mcr? c (2.134)

where an identity k(k + 1) = (¢ + 1) is used. The term (k + 1)M’/2Mc?r is identified as the
SOC which is dropped in the RSA because it is the only one term being coupling with both
spin-up and -down. Note that the M’ denotes M’ = OM/0Or.

Now, the wave functions of Eq. (2.126) can be rewritten as

9eXkp
Yi(r) = e u(r) = : (2.135)
—ife ((bf + 27\};) OrXwp

where the Eq. (2.132) is used to replace the small component radial function f,. The x numbers

are combined with appropriate Clebsh-Gordan coefficients to get a familiar non-relativistic
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2.5. Kohn-Sham-Dirac equation and scalar relativistic approximation

quantum-number-based wave function

g@nme
Yoms(r) = , (2.136)

o170 (=90 + 7900 - L) Yo X
with the usual spin-up and down spinors, y,. What we can see from obtained wave function
of Eq. (2.136) is that the large component is formed by pure spin function while the small
component has some mixture of spins. Because the g, includes most of the relativistic cor-
rections, neglecting the small component may give a simple solution, however, particularly in
the atomic calculation, the small component contribution is necessary for well-description of
the core charge density. In this context, these calculations are approached using the second

variation method.

Now new functions defined by

Pg =Tgy, (2137)
Qe =rcgy (2.138)
can rewrite Eq. (2.133) and (2.134) as
, 1
PZ = 2MCQ€ + —Pg (2.139)
r
1 ((0+1)
o= -z b, 2.14
% = e+ |5 n (2.140)

By this transformation, the wave function reformulated from Eq. (2.136) to

1 PoYimXs
Vems(r) = = o 3 (2.141)
| —ir 0, (—Qu+ 5220 - L) Yo Xs

is determined by following the procedures of the second variation method [142].

The Hamiltonian including the relativistic SOC contribution whose eigenfunctions are de-

termined by the second variation technique is

H = Hy,+ Hso, (2142)
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where Hj is standard Hamiltonian within the non-relativistic LDA or GGA and Hgo is the
SOC term defined by

Hso = Y &(ri)o-L, (2.143)

ho 1aV(n)

5(“) - (2MC)2 T d'f’i

(2.144)

Figure 2.9 shows a calculation flowchart of the second variation method for treating the
SOC, which may follow similar procedure to the one described in the DFT+U section (see
section 2.4). Before entering the second variation-based SCF loop, spin quantization axis can

be rotated by angles of § and ¢ by Euler angle (see Fig. 2.8) using 2 x 2 rotation matrix U,

0 0 i

cos3  sing et 0
U=U@0,¢) = L |- (2.145)
—sin g oS g 0 e
The term o - L in Eq. (2.143) can be expressed as
o-L = 0(0,¢)-L (2.146)
= U, ¢)o- LU0, ). (2.147)

The relativistic Kohn-Sham-Dirac equations for single-particle electron states can be solved

by following steps:

(i) Scalar-relativistic one-electron wave functions, "5 are determined from conventional

Kohn-Sham equation,
HpprptSh = gpPSA (2.148)
where the SOC effect is not considered.

(ii) By assuming second variation wave function, ¢, with variation coefficients, {d;},
b= dig™ (2.149)
J
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2.5. Kohn-Sham-Dirac equation and scalar relativistic approximation

the matrix elements of full-relativistic Hamiltonian including Hgo are calculated:

{H}y; = e{@i™ ™) + (05 Hsol ™) (2.150)

= &0y, + (54 Hsol o). (2.151)
The latter term is derived as

(o M Hso |55y =Y > i =Yg x| s[Y5X VD s (2.152)

¢ m'm

where

2
ngm]] —6[/@ |:< elm/ /) em]/g UEIUKT’ dI‘

( J) Bgm]/g( T)ug uﬂzdr
)

(BZ, g Agmﬁj/f(r)ug,,ugﬁdr
(Bg,m J) BY., / £(r ug,/uZTer} (2.153)

(iii) Relativistic Hamiltonian is diagonalized to get the eigenvalues e from
Z{H}”d = ed;, (2.154)

and the eigenfunctions v is again projected back to Eq. (2.149), and continue these cycles

(i) ~ (iii) to achieve a self-consistent solution.
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(a) Magnetic easy axis (b) Spin space rotation
Z
Magnetic easy axis 7 i
0
Y’
.y 7,

X,

Figure 2.8: (a) Schematic of spin quantization axis where magnetic moment lies along (6, ¢)-
direction in polar coordination. (b) Cartesian coordination can be rotated by angles of 6 and
¢ using rotation matrix U in Eq. (2.145) from XY Z space to X'Y'Z’ space.
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( Enter second variation loop for SOC )

!

Solve SRA-based Kohn-Sham-Dirac equation:
A A
Hprpg] ™ = g;gf"t

!

Calculate matrix elements of full-relativistic Hamiltonian, H:

{H}yy = (05 [H |97,

SRA
J

where ¢>"* configures second variation wave function, @:

O =) dyith
J

;

Solve secular equation:

> {H}jd; = ed; "

j in
l A
Back variation coefficients d,- into @:

O =) djpith
J

;

Get charge density:

Mix charge density

. . .
Hl— (1 —-a)nl, +an’,

n(r) converged?

( Exit second variation loop for SOC )

Figure 2.9: Flowchart of the second variation method for treating the SOC within the scalar
relativistic approximation.
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Chapter 3

Application to transition-metal

monoxide, TMO

3.1 Introduction

For the transition-metal monoxides, TMOs, of Mott-type insulators, the DFT calculations
within the LDA or GGA arise a problematic issue, for example, unphysical metallic feature in
FeO and CoO, and underestimating band gaps even in MnO and NiO showing insulators. It
is thus suggested that a proper treatment of correlation effects by the DF'T+U that go beyond
the LDA and GGA functionals is needed to demonstrate experimentally observed insulating
properties. In the last decades, a number of researchers have attempted to derive the U.g for
the DF'T+U theoretically, but widely scattered values were reported even for the same ionic
state as summarized in Table 1.3. However, since the optimal U.g values can extremely depend
on the computational details such as potentials, basis sets, and projection operators, comparing

the U in absolute values may not be of significance.

In this chapter, a relationship between the U.z and basis set have been focused to study.
In this context, liner response based U.g calculations were performed for different sizes of
MT spheres of the TM ions, Rp. This systematical investigation is inspired by the fact
that the implemented LAPW basis set is defined by the size of the MT sphere radius: the
coefficients Ay, and By, in the radial part of the LAPW basis in Eq. (2.40) are determined

by boundary conditions of the wave function on the MT sphere of radius Ry;r. Varying the
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3.2. Calculation model

Ry may translate a change in the basis set, and more strictly, that of density matrix. Our
results find that the U.g values depend strongly on the Rj;r size in all systems by more than
2 ~ 3 eV. However, despite this large variation, essentially identical valence band structures
are obtained, and we find an approximate scaling of U.g with regard to Ry;7. Thus, although
simple transferability of the U.g value among different calculations methods is not allowed, we

propose guidelines for estimating the optimal Usg.

3.2 Calculation model

A model of the rock-salt structure with the rhombohedral lattice vectors, as shown in
Fig. 3.1, is employed. The lattice constants are fixed to match to experimentally observed
values, 4.435, 4.334, 4.261, and 4.195 A for MnO, FeO, CoO, and NiO, respectively [143-146],
and an antiferromagnetic spin alignment along the [111] direction, called as the AFM II, is
assumed. All calculations were carried out by all-electron FLAPW method and the GGA is used
for exchange-correlation term. The LAPW basis functions with cutoff of [k + G| < 3.9 a.u.™?
are used, and angular momentum expansion inside MT sphere is truncated to ¢ = 8 (TM) and 6
(O) for the wave functions, charge and spin densities, and potentials. For the oxygen atom, the
MT radius sets 1.4 ap, while that of TM atoms was varied from 2.0 ap up to touching spheres
of nearest neighbor atom, i.e., 2.2, 2.4, 2.5, 2.6, and 2.7 ag. The k-point mesh of 8 x 8 x 8 in

the first Brillouin zone is used.
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Figure 3.1: Geometric structure of a transition-metal monoxide with an anti-ferromagnetic
alignment along [111] direction, AFM II type. Large (blue and green) and small (gray) circles
indicate transition metal (TM=Mn, Fe, Co, and Ni), where the arrows at the TM atoms
represent magnetic moment directions. Dashed (red) arrows represent the unit vector of a
rhombohedral unit cell.
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3.3 Calculation of effective on-site Coulomb interactions

We start by considering the effect of the U, on the band structure. Figure 3.2 shows
the calculated bands and partial density of states (DOS) of the 3d bands for MnO for two
U values previously derived (c.f. Table 1.3), 3.6 and 6.04 eV (as well as GGA, Usg = 0),
and Ryr = 2.2 ag. In the GGA, there are sharp peaks due to the Mn-3d states around the
Fermi energy. Introducing U.s opens the gap and pushes the Mn d states away from the gap.
Not surprisingly, the choice of U affects both the valence and conduction bands significantly,

suggesting an issue of non-transferability of Ueg values.

We now proceed to calculate Ugg. Figure 3.3 shows the occupation numbers of 3d orbitals,
ng, of the TM atoms as a function of applied constraint field, u for R/ varying from 2.0 to 2.7
ap. In all the systems, the occupation number increases as Ry;r increases. When a negative
(or positive) constraint field is applied, the occupation number at the constrained TM atoms
linearly increases (decreases) relative to the p = 0 case (left panels in Fig. 3.3). Since the total
occupation number in the unit cell is conserved, the occupation numbers at the unconstrained

(1 = 0) nearest-neighbor site exhibit the opposite tendency (right panels).

The response functions of Egs. (2.110) and (2.111), corresponding to the gradient of oc-
cupation number ng with respect to the applied constraint field p, at site o, were calculated
numerically for each site 5, and then Uz was evaluated from Eq. (2.112). Because the KS
term does not include self-consistent screening and can be thought of in terms of perturba-
tion theory effect on the occupation numbers, ny, due to the applied constraint fields, we find
that the curves for ng are parallel to each other for different Ry/r (see solid line in Fig. 3.3),
and thus results in constant yks. On the other hand, the interacting ys.s is calculated self-
consistently, with the screened response obtained by treating of interactions of electrons, nuclei,
and exchange-correlation within GGA level. Since the self-consistent cycle is beyond the frame-
work of linear response, the variation of n, with regard to u is consequently affected by the size

of the MT sphere differently.

As mentioned above, Egs. (2.110) and (2.111) require the inverse of the density response
matrices, which in turn will depend on the size of the supercells. Figure 3.4 summarizes the
behavior of Ueg as a function of number of atoms per cell (size of the supercell). For MnO with

Ry = 2.0 ap, for example, Ueg has a values of 5.8 eV for a 1 x 1 x 1 supercell (4 atoms per
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Chapter 3. Application to transition-metal monoxide, TMO

cell), while for 2 x 2 x 2 (32 atoms) and 3 x 3 x 3 supercells (108 atoms) it is converged to 10.1
eV. For all the systems the converged U.s values decrease when the sphere radius increases.
These changes can be quite large, such as in the case of MnO (left top panel in Fig. 3.4) where
there is a 3 eV difference in Usg for radii of 2.0 and 2.7 ag. Similar behavior is seen for FeO

and NiO; the results of CoO will be discussed later.

Although the calculated U.g varies significantly with MT radius, the band structures and
local 3d-DOS are essentially identical as shown in Figs. 3.5, 3.6 and 3.7, but differ significantly
from the GGA results. In MnO, the localized d states, whose ty, and e, orbitals are fully
occupied by five electrons in parallel, locate at 4.5 and 5.5 eV below the Fermi energy in
the valence states, as shown in Fig. 3.5. Even though the GGA calculations show a metallic
character in FeO due to the partially occupied triplet ¢34 in the minority spin state by one
electron resulting in metallic, the calculations using derived U.gs open the band gap over 4 eV.
which leads to in the insulator (see Fig.3.6). For the NiO in Fig. 3.7, fully occupied minority ¢,
state constitutes the Fermi surface in the GGA, but this energy position becomes lower when the
+U calculations, then the Fermi states are composed by O-2p states (not shown in figure). For
the all systems, that consistently derived values of Usg(Ry7) do in fact result in the same band
structures and properties argues strongly for the validity of the underlying constraint DFT
approach and demonstrates that different (converged) DFT computational methods should
agree even when the absolute values of Ueg differ greatly. (As already demonstrated in Fig. 3.2,
we have confirmed that in all cases using U.g values obtained for one Rj,r in calculations with

a different choice of radius leads to significant changes in the calculated bands.)

Supplementally, we also performed to band structure calculations in which the applied value
of U.g is not a determined one for a employed Ry;r For example, the electronic structures for
MnO which are calculated by setting the Ry, of 2.7 ag and the Ugg of 7.1 eV, although the
derived Ueg for 2.7 ag of MT sphere is indeed 10.1 eV. It is confirmed that obtained ground
state bands totally differ from each other: the large peak of d-states are relatively shifted in
lower energy, by about 1 eV (this is very big difference), and their dispersions become rather
less. This tendency is contradictory to the results shown in Fig. 3.5. Same situation is taken

account in other models.
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Figure 3.2: (a) Band structures and (b) partial 3d density of states for MnO, where MT sphere
size of 2.2 ap is used for Mn. Red and blue solid lines correspond to the previously reported
values of Usg, i.e., 3.6 and 6.0 eV, respectively (see Table 1.3). The GGA calculation (Ueg=0 eV)
is also shown in gray line in (a) and filled area in (b). The Fermi energy is set to an eigenvalue
at valence top states.
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Figure 3.3: Variations of the occupation numbers of 3d orbitals, ng4, as a function of constraint
field, u, for (a) MnO, (b) FeO, (c) CoO, and (d) NiO. Left panels for each are at on-site where
set of u is applied to and we are interested in, and right ones are at unconstrained first-neighbor
site. Solid and dashed lines indicate behavior of self-consistent (SCF) and Kohn-Sham (KS)
calculations, and the symbols: i.e, square (black), triangle (red), diamond (blue), circle (green),
and downward triangle (purple), represent the size of MT sphere for TM atoms, respectively.
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Figure 3.4: Effective on-site Coulomb interaction parameters, U.gs, as a function of number
of atoms per cell, N, for (a) MnO, (b) FeO, (c¢) CoO, and (d) NiO. For (c) CoO system, an
opened plot in Ry = 2.0 ap is expected value from the tendency of what is observed in the
other models (see in text for more detail). Notation is the same as in Fig. 3.3.
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Figure 3.5: GGA+U band structures and partial 3d densities of states for different TM sphere
radii using the scaled U.g values for MnO. Black, red, blue, green, and purple solid lines are
Ry of 2.0, 2.2, 2.4, 2.6, and 2.7 ap for Mn atom, respectively. The GGA (Ugs = 0 eV)
calculations are also shown in gray line (left panel) and filled space (right). The energy zero is
set to the top of the valence band.
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Figure 3.6: GGA+U band structures and partial 3d densities of states for different TM sphere
radii using the scaled U values for FeO. Black, red, blue, and green solid lines are Ry, of
2.0, 2.2, 2.4, and 2.6 ap for Fe atom, respectively. The gray shows GGA calculations as same
manner in Fig. 3.5.
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Figure 3.7: GGA+U band structures and partial 3d densities of states for different TM sphere
radii using the scaled U.g values for NiO. Black, red, blue, and green solid lines are Ry;r of
2.0, 2.2, 2.4, and 2.5 ap for Ni atom, respectively. The gray shows GGA calculations as same
manner in Fig. 3.5.
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3.4 Electronic structure

Based on our results, we propose guidelines to estimate suitably scaled values of Ugg for dif-
ferent M'T sphere size, which will also be applicable to other computational methods. Figure 3.8
shows the determined U.g(Ryr) as a function of occupation number, ny(Ry7) determined in
the standard U = 0 GGA calculations. We find a simple linear relationship between U.s and
ng: Ueg is negatively proportional to increasing ng as shown by the regression lines in the figure.
We have confirmed for a number of cases that using U.g values estimated from the calculated
d-electron occupation number at the GGA level produces the same band structure and gives

the same physics.

Of the different TMOs considered, CoO presents some particular issues which we now dis-
cuss. In Fig. 3.4, we were unable to obtain a value for the Ry = 2.0 ag 2 X 2 x 2 (32 atom)
supercell because our calculations did not yield a stationary solution for this antiferromagnetic
alignment. However, an appropriate value could be obtained from the scaling behavior and
is represented by the opened square and dashed line in Fig. 3.4. Rather unexpectedly, the
behavior for Ry = 2.6 ag with regard to cell size differs from the others and has a value of
Ust = 6.3 eV. This value is smaller than expected from other trends, and in fact leads to a
calculated band structure that differs from the others, the green line in left bottom panel of
Fig. 3.3, which shows a shift of the 3d states. Similarly, in Fig. 3.8, only the Ry, = 2.6 ap
point is off the regression line for CoO. Analysis of the calculations suggest that this observed
behavior for this case is due to numerical issues related to the fact that for this Ry, the Co
and O spheres are almost touching (~ 0.026 ap); increasing various cutoffs should correct this
problem. (Since as a practical matter touching spheres in FLAPW calculations is not good
practice, this problem generally will not arise.) However, if we simply use the scaled value as
indicated by the open square in Fig. 3.8 appropriate for Ry = 2.6 ag of 7.0 eV, the valence

band structure (not shown) is identical to those for the other values of Ueg(Rasr).

Although the valence band structures for different values of U.g(Ryr) are essentially the
same, there are differences in the conduction bands (Figs. 3.5, 3.6, 3.7 and 3.9). Using MnO
as an example, we finally provide a possible argue to this problem that is related to a nature
of anti-bonding wave function. The Mn 3d states just below the Fermi energy hybridize with
O-2p orbitals in the GGA calculation (Fig. 3.10 (a)). In contrast, for GGA+U, the O-2p pre-
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Chapter 3. Application to transition-metal monoxide, TMO

dominates at the Fermi level (Fig. 3.10 (b)). Figure 3.11 shows a schematic energy diagram of
the hybridization between Mn and O in the GGA and GGA+U calculations. For the majority
valence (occupied) states, the introduction of the +U correction pushes the Mn-3d orbitals
down to lower energy relative to the O-2p, hybridizing to form bonding orbitals, rather than
antibonding states in GGA calculation. Both with and without +U, antibonding states are
formed by Mn-3d states in the minority conduction (unoccupied) bands. The wave functions of
the antibonding state, which possesses a node, are more compact spatially (Fig. 3.12 (b)) com-
pared to those of bonding states (Fig. 3.12 (a)). Figure 3.13 shows calculated radial probability
of the wave function for the different TM atoms (TM = Mn, Fe, Co, and Ni) as a function of
radial. Since the radial wave function for the latter TM atoms in the periodic table is rather
more localized, the Ni (or Mn) has few (more) radial probability at the tail, resulting in small
(large) change in the charge density when the MT sphere size increased. Thus, the weight of
an antibonding states varies slower with respect to sphere size than that of the bonding states,
as shown in Fig. 3.12 (c); this is one reason behind the decrease in magnitude of the observed
slopes (coefficient a of Usg = ang+b) in Fig. 3.8 going from Mn to Ni. A consequence is that for
the conduction bands, changing Ry, does not appreciably change the d wave function weight
that U is acting on, so these size of the matrix elements determined by mainly by the value of
Uer alone. As a result, as found in all the systems considered, the conduction bands are shifted
toward lower states in energy as Ry, increases and U.g decreases as shown in Figs. 3.5, 3.6,

3.7 and 3.9.
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Figure 3.8: Relationship between determined U.g values and occupation numbers, ngs, that
are calculated within framework of GGA. Colored plots in red, blue, green, and purple are for
MnO, FeO, CoO, and NiO, respectively. Regression lines are also shown by solid lines. In the
CoO system, the regression line is fitted by using from smaller n,; values up to the third one,
that correspond to Ry of 2.0, 2.2, and 2.4 bohr.
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Figure 3.9: GGA+U band structures and partial 3d densities of states for different TM sphere
radii using the scaled Usg values for CoO. Different solid colors are same as in Fig. 3.6. The
gray shows GGA calculations as same manner in Fig. 3.5.
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Figure 3.10: Calculated DOS for MnO by (a) GGA and (b) GGA+U when Ry of Mn atom
is 2.2 bohr. Left panel shows Mn-3d orbital, where splits into e, (red) and ¢y, (blue) states in
octahedral crystal field symmetry, and right one shows O-2p states. The Fermi energy is set
to valence top eigenstate.
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Figure 3.11: Energy diagram of hybridization between Mn-3d and O—2p in both GGA (black)
and GGA+U (red) calculations, where correspond to DOS of Fig. 3.10 (a) and (b), respectively.
Left (right) panel shows majority (minority) spin state and solid arrows indicate occupied
electrons with either up or down spin below Fermi energy (green solid line). Note that the split
ey and t9, orbitals are simplified by only one solid line as a Mn-3d orbital.
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Figure 3.12: Schematics of spatially spread wave functions (left side) and their charge densities
(right) for (a) bonding state, 1p, and (b) anti-bonding state, 1ap. (¢) Comparison of norm
of bonding- and anti-bonding wave functions as as a function of radial, . Red and blue are
bonding and anti-bonding states, respectively. R Smau R(medlum nd R(laLrg *) indicate examples
of small, medium, and large MT sphere radii.
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Figure 3.13: (a) Radial probability for d-orbital, 47r%p?, as a function of radial, r. Black, red,
blue, and green lines are for free-Mn, Fe, Co, and Ni atoms, respectively. (b) Inset focuses on
the region where is usually employed as radius of their MT spheres. In (b), R]S\}I%) is a smaller

(larger) values as an example of MT sphere size (see text for more detail).
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3.5 Concluding remarks

The on-site Coulomb effective Ug is determined by all-electron FLAPW method based on
constraint DFT approach from linear response approach for varying radius of MT sphere in
prototypical correlated monoxides, TMO (TM = Mn, Fe, Co, and Ni). Although the significant
dependence of U.g value on the Ry size were confirmed, importantly, an identical valence
band structure was produced in all systems with an approximate scaling of U.g. Furthermore,
a simple linear relationship between the determined U.g and the ny calculated by the standard
GGA is found and a straightforward estimation of the U.g from the linear relationship was
demonstrated where the electronic structure was identical. Our results implies that a simple
transferability of the U.g values among different calculation methods is not allowed, but the
relationship associating scale of the U.s with occupations ng (or MT sphere size Ryr) gives a

guideline for the most suitable parameter.
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Chapter 4

Application to organometallic

metallocene molecule, TMCp-

4.1 Introduction

Since the rectifier elements and transistors that are composed by organic molecules had
been predicted by Aviram et al. in 1974 [147], there has been a growing interest in studies
and developments of novel applications because of their advantages compared to that in the
Si-based devices, for example, size minimization, light weight, mechanical flexibility, and long-
time spin relaxation/lifetime [148-153], in which an effort now extends to treat an extreme
limit of a single molecule [154]. In organometallic molecules composed of metal elements such
as transition metals and rare-earth metals, there is two freedoms of spins and electron charges,
which can be controlled on experimental level as demonstrated by spin-polarization scanning
tunneling microscopy (SP-STM) and atomic force microscopy (AFM) experimentally. [155-159]
Metallocene (TMCpg) discovered in 1950’s [160-163] is one of the attractive molecules with a
variety of electronic and magnetic properties that can be tuned by substitutions of the composed
transition-metals, redox cycles and so on. [164, 165] Further examples: metallocene molecular

wire [166] and magnetoresistive element [165], are shown in Fig. 4.1.

For organometallic molecules where the electronic configurations of d (f) electrons are an
essential aspect, the complexity of the orbital degeneracy and the changes due to the presence

of the ligand field of molecules complicate the theoretical analysis of even the ground state,
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4.1. Introduction

with the consequence that ab-initio calculations based on the DFT often fail to obtain the
experimentally observed ground state electronic configuration. To get straight to the point, this
difficulty is intrinsically related to the fact that the various electronic configurations belonging
to different irreducible representations are all compatible with the symmetry of the charge (and
spin) density (completely symmetric representation), i.e., the symmetry of the charge density

is not sufficient to distinguish among the electronic configurations.

The d-orbital electronic configurations (or multiplet structures) are given by group the-
ory that identifies symmetries of orbital (wave function) and are described using irreducible

representation (term symbol) as
25 (4.1)

Two kinds of multiplicities are indicated: (2S5 + 1) multiplicity for spin freedom with total spin
angular momentum, S = va si, and (2L 4 1) multiplicity for orbital freedom with total orbital
angular momentum, L = va ¢;, in N-electron system. .J is total angular momentum and its
multiplicity is shown by J = L+S,L+S—1,--- ||L—S|. There are patterns of (2L + 1) times
(25 + 1) multiplicities for N-electron system in free atom or ion totally. One can predict the
ground state electronic configuration from (2L + 1)(2S + 1) candidates from the Hund’s rule in

which the S and L of the open shell follow three rules:

1. For a given electronic configuration, the term with maximum spin multiplicity S has the

lowest energy.

2. For a given multiplicity, the term with the largest orbital multiplicity L has the lower

energy.

3. For a given term, in an atom, if outermost subshell is half-filled or less than half-filled,
the term with the lowest value of the J lies lowest in energy, and if outermost subshell is

more than half-filled, the term with the highest value of J lies lowest in energy.

According to these rules, for example, electronic configurations of d? system in free atom whose

candidates are 10Cy patterns are shown from the term in lower energy level in Fig. 4.2 (a).

In the metal complex systems, where the symmetry of environment surrounding d-orbital is

reduced by ligand fields, the many-body eigenstates of electronic configurations are described
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Figure 4.1: (a) One-dimensional molecular wire consisting of metallocenes. Local magnetic
moments in respective molecules are interacted to neighboring ones like ferromagnetic (FM) or
anti-ferromagnetic (AFM) coupling as shown in upper or lower panels, respectively. (b) Mag-
netoresistive element which is composed by two metallocene molecules connecting Au(001)
surfaces. Resistance becomes higher when local magnetic moment coupling is AFM-like, while
it becomes lower when magnetic moments coupling is FM-like. Blue and green arrows indicate
local magnetic moment orienting different directions. Circles in different colors correspond-
ing to red, gray, white, orange, and yellow indicate Transition-metal, C, H, S, and Au atoms,
respectively.
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using irreducible representation within corresponding space group,
25 (4.2)

This is similar to the one in free atom or ion system that are under spherical symmetry, but

only difference is the orbtal function L in Eq. (4.1) is replaced by whole of eigenstates I'.

Figure 4.2 (b) shows the d-orbital splitting due to the ligand field with the irreducible
representation in O, symmetry. The d-orbital of has five-folds degeneracy in free atom split
out into two states that correspond to doublet degenerate ey (d,2_,2,d,2) orbital and triplet ¢,
(dyy, dyz, dy,) orbital. Furthermore, if a metal atom is surrounded by Dsq symmetry, complexity

of splitting arises and d-orbital is separated into three states: a singlet of a1, (d,2) and doublets

of egg (dy2_y2,dyy) and ey (dye, dy.).

For Kohn-Sham-based DFT calculations, in principle, the variational principle finds a global
minimum of the total energy from arbitrary set of initial charge density in the effective poten-
tial by self-consistent-field procedures (see Fig. 4.3 (a)). However, in numerical strategy, an
critical issue may be appeared. Organometallic molecules have various meta-stable structure
of different electronic configurations at nearly degenerate with ground state energetically. This
fact means that the total energies of ground state is competitive with that of meta-stable ones,
thus the final SCF-calculated solution must depend on how initial charge density is set numer-
ically. Figure 4.3 (b) shows schematics of competitive total energies as a function of electronic
configuration. If noe put initial charge distribution on the parabola function whose minimum
is configuration B so that variational principle procedure satisfies that total energy becomes
lower and lower by every SCF-iteration. As a result, calculations may be trapped in one of
the multiple local minima corresponding to the various electronic configurations. Thus, search-
ing from the ground state electronic configuration of correlated system using DFT remains a

significant challenge as well as the importance of correlation effects.

In order to overcome such difficulties, constraint DF'T provides a powerful tool for exploring
the low energy electronic configurations compatible with a given ligand symmetry. In this
chapter, the constraint DF'T was applied to the prototypical organometallic molecules, TMCps,
[160-163, 167] for the 3d transition metals (TM) from V to Ni. Here it was demonstrated that

this approach — combined with non-empirical values of U — is capable of obtaining agreement
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with experiments for the correlated organometallic molecules with their high degree of electronic

complexity.

Before going to sections of calculated results, previous studies are overviewed. In the past
decades, numerous studies have been done for analyzing ground state electronic configura-
tions experimentally. [168-171] Photoelectron spectroscopy measurements of FeCp, in the gas
phase reveal a S=1 spin multiplet corresponding to orbital occupations of the 'A;, state
(%, d3a_ o). [168,169] For VCp,, CrCps, MnCp,, CoCps, and NiCp, in gas phases, A,
(di%dihy?,xy)? 3E29 (di%di? 6Alg (di%di? d; )v 2Elg <d32=d4 d; ) and

—y2,ay’ TrZYz 22 —y2 xy’ r2,yz
3 Aoy (d2s, dig_ygvzy, diz’yz) were systematically observed, [168,169] where the spin multiplicity

xy)

fy2,my)7

S decreases from VCpy (S = 4) to FeCpy (1), except for MnCps (6), and then it increases in
CoCps (2) and NiCps (3). A high spin state ®A;, of MnCp, was further identified by elec-
tron spectroscopy and nuclear magnetic resonance measurements. [170,171] However, the DFT
ground states are still a matter of debate due to the complexity and difficulty of incorporat-
ing correlation effects. For example, for MnCpy, +U calculations predict the low-spin 2E,,
state [172] while hybrid functional B3LYP calculations predict the high-spin ¢4, state. [173]

Further, both calculations for CrCps (*A;,) disagree with the (*Es,) state found by experiment.
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(a)

2  —
N 4
0 A A
| v
1 4 A A
T T v
2 —+ —
S=1 S=1 §$=0 S=0 §$=0 S=0
L=3 L=1 L=+4 L=2 L=0 =-2
(b)
z ? z
X/\>Y X(-.>Y X{->
Free atom O, symmetry D;, symmetry

eig (dxz dyz)

d orbital
€29 (dxz_yz, dxy)

aig (d,z)

Figure 4.2: (a) Examples of the electronic configurations for free atom with d? electron system
in which there are 1yCs patterns. Candidates are listed in order of lower energy by satisfying
Hund’s rule. Red arrows indicate the electrons with spin channel and the S and L are total spin
and orbital angular momenta. (b) d-orbital splitting due to the ligand field of O symmetry,
where five-fold degenerate d orbital split out into doublet e, and triplet ¢y, orbitals. Further
orbital splitting into ey, (dyz.y2), €2g(daz—y2.4y), and aig(d.2) is occurred due to a ligand field of
D5, symmetry. Red and blue circles indicate transition-metal atom and atoms of ligand field,
respectively.

80



Chapter 4. Application to organometallic metallocene molecule, TMCp,
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Electronic configuration
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>
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Figure 4.3: (a) Profile of total energy as a function of electronic configuration in Kohn-Sham-
based DFT. A given initial state of charge density represented by opened circles, in principle,
will lead to ground state (global minimum) represented by closed circle by self-consistent-field
(SCF) procedure. (b) Profile of total energy for organometallic molecule systems, in which
plural local minima are energetically degenerate.
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4.2. Calculation model and molecular orbital

4.2 Calculation model and molecular orbital

The atomic structure of the TMCpy molecules, with the two 5-fold cyclopentadienyl rings,
Cpo, is shown in Fig. 4.4. Both eclipsed and staggered conformations exist; here we focus on the
latter, which has been the reported structure in a number of experiments. [168—-171] The metal
atom, at the center of the molecule between the two Cp rings, sits at a site of Dsq symmetry
such that the d orbitals are split into three states. Figure 4.5 (a) gives a schematic energy level
diagram allowed by group theory in the D54 point group: a singlet d.» and two doublets d,. .,
dy2_y2 . The d,. .. state may be further pushed up in energy due to the hybridization with
the Cpy €14 orbital, while the d,2_,2 ., state goes down due to the hybridization with the ey,
orbital, as illustrated in Figs. 4.5 (b) and (c), respectively. The d.= state shown in Fig. 4.5 (d),

with no direct overlap to the molecular orbitals, may have the lowest energy of the d states.

To model the isolated TMCp,, a slab with infinite vacuum on both side of the slab (along
the Cp ring plane normal) far from 2.7 bohr was adopted, with a large in-plane lattice constant
of 18 bohr, as shown in Fig. 4.6. For molecular structure, the geometric positions given in
Fig. 4.7 and parameters in Table 4.1 are initially used so that the C and H atoms form their
own equilateral pentagons with the TM atom sitting at origin, then atomic positions were fully
optimized. Final atomic positions are summarized in Table 4.2. Calculations were carried out
by using the film-FLAPW [117,118] method based on the GGA [103] with +U [126]. A cut-off
of |k + G| < 3.6 a.u.”! was used to expand the wave functions. The muffin-tin radii and lattice
harmonic expansions for the charge and spin densities were 2.2 a.u., £ = 8; 1.1 a.u., £ = 6; and

0.8 a.u., ¢ = 4 for the TM, C, and H atoms, respectively.
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Chapter 4. Application to organometallic metallocene molecule, TMCpy

Side view Top view

Figure 4.4: Side and top views of structure of a metallocene where large (red), middle (gray),
and small (white) circles indicate transition-metal, carbon, and hydrogen atoms, respectively.
Labeled atomic numbers correspond to the ones in Table 4.2. In Ds4 symmetry, the top and
bottom ligand Cp rings are rotated relatively by 36 degree (°).
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M MCp;, Cp,
(D54 symmetry) >

(b) eq (©) €24 (d) ag

d,, do_.2 ds
(dys) L@ (dxyy) ’

Figure 4.5: (a) Schematic of the energy diagrams of the crystal-field splitting of trantision-metal
(TM) d orbitals for D54 symmetry, the molecular orbitals in the two cycropentadienyl rings Cpa,
and the hybridized orbitals in the TNCps. (b), (c), and (d) Schematics of the molecular e}

g
antibonding TM d,. ,,.—Cps €1,), €2, (bonding TM d 2_,2 ,,—Cps €3,), and ay, (TM d,2) states
Y g g y=,xy g g
in TMCp,.
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~2.7 bohr

~18.0 bohr

' Unit cell

Figure 4.6: Isolated single TMCps molecule in the slab model with vacuum regions of both
sides separated by 2.7 bohr and large lattice constant of 18 bohr in zy plane.
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(a) Side view

(b) Top view

(R’cos45°, -R ’sin45°)

(R’cos81°, -R’sin81°)

(-Rcos63°, -Rsin63°) (Rcos27°, Rsin27°)

(-Rcos27°, -Rsin27°) (Rcos63°, Rsin63°)

(-R’cos27°, -R ’sin27°) (R’c0s63°, R’sin63°)

(-Rcos9°, Rsip#’ s81°, Rsin81°)

(-R’c0s9°, R’sin9°)

(-R’cos45°, R 'sin45°)

Figure 4.7: Geometric structure for TMCp, from (a) side and (b) top views where black, red,
and blue circles indicate TM, top and bottom ligand Cp rings (CsHs), respectively. Parameters,
h, R, and R' are given from Table 4.1 for TMCp, with TM of V, Cr, Mn, Fe, Co, and Ni.
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Chapter 4. Application to organometallic metallocene molecule, TMCps

Table 4.1: Geometric parameters, h, R, and R, for TMCp, in the unit of angstrom (A). Defi-
nitions of variables are shown in Fig. 4.7.

VCps CrCpo MnCps FeCp, CoCpo NiCpo
h 1.967 1.897 2.083 1.685 1.776 1.868
R 1.215 1.214 1.216 1.219 1.216 1.216
R 2.301 2.300 2.302 2.304 2.301 2.301
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4.2. Calculation model and molecular orbital

Table 4.2: Cartesian atomic position after fully optimization in the unit of A. The labeled
atoms, C; and H; (i =1 ~ 10), correspond to the ones shown in Fig. 4.5.

VCps CrCpa MnCpsg
X Y Z X Y Z X Y Z
™ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cq 1.212 -0.194 1.959 1.120 -0.108 1.972 1.213 -0.180 1.777
Co 0.194 -1.212 1.959 0.108 -1.120 1.972 0.180 -1.213 1.777
Cs 1.093 0.557 -1.960 1.179 0.486 -1.799 1.102 0.545 -1.840
Cy -0.557 -1.093 -1.960 0.486 -1.179 -1.799 -0.545 -1.102 -1.840
Cs 0.865 -0.865 -1.962 0.953 -0.953 -1.681 0.867 -0.867 -1.881
Ceg 0.557 1.093 1.960 0.486 1.179 1.799 0.545 1.102 1.840
Cr -1.093 -0.557 1.960 -1.179 -0.005 1.799 -1.102 -0.545 1.840
Csg -0.194 1.212 -1.959 -0.108 1.120 -1.972 -0.180 1.213 -1.777
Cy -1.212 0.194 -1.959 -1.120 0.108 -1.972 -1.213 0.180 -1.777
Cio -0.865 0.865 1.962 -0.953 0.953 1.681 -0.867 0.867 1.881
H; 2.276 -0.361 1.964 2.178 -0.285 2.067 2.279 -0.343 1.799
Hy 0.361 -2.276 1.964 0.285 -2.178 2.067 0.343 -2.279 1.799
Hj 2.054 1.044 -1.964 2.129 0.991 -1.761 2.069 1.022 -1.863
Hy -1.044 -2.054 -1.964 -0.991 -2.129 -1.761 -1.022 -2.069 -1.863
Hs 1.627 -1.627 -1.963 1.710 -1.710 -1.571 1.630 -1.630 -1.908
Hg 1.044 2.054 1.964 0.991 2.129 1.761 1.022 2.069 1.863
H~ -2.054 -1.044 1.964 -2.129 -0.991 1.761 -2.069 -1.022 1.863
Hg -0.361 2.276 -1.964 -0.285 2.178 -2.067 -0.343 2.279 -1.799
Hg -2.276 0.361 -1.964 -2.178 -0.285 -2.067 -2.279 0.343 -1.799
Hig -1.627 1.627 1.963 -1.710 1.710 1.571 -1.630 1.630 1.908
FeCpo CoCpa NiCps
X Y Z X Y Z X Y Z
™ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cq 1.214 -0.193 1.684 1.228 -0.177 1.697 1.211 -0.193 1.873
Ca 0.193 -1.214 1.684 0.177 -1.228 1.697 0.193 -1.211 1.873
Cs 1.094 0.560 -1.685 1.087 0.588 -1.736 1.092 0.559 -1.874
Cy -0.560 -1.094 -1.685 -0.588 -1.087 -1.736 -0.559 -1.092 -1.874
Cs 0.868 -0.868 -1.685 0.850 -0.850 -1.691 0.866 -0.866 -1.875
Ce 0.560 1.094 1.685 0.588 1.087 1.736 0.559 1.092 1.874
Cr -1.094 -0.560 1.685 -1.087 -0.588 1.736 -1.092 -0.559 1.874
Cs -0.193 1.214 -1.684 -0.177 1.228 -1.697 -0.193 1.211 -1.873
Cy -1.214 0.193 -1.684 -1.228 0.177 -1.697 -1.211 -0.193 -1.873
Cio -0.868 0.868 1.685 -0.850 0.850 1.691 -0.866 0.866 1.875
H; 2.278 -0.360 1.681 2.291 0.358 1.682 2.275 -0.360 1.862
Ho 0.360 -2.278 1.681 0.358 -2.291 1.682 0.360 -2.275 1.862
Hj 2.055 1.045 -1.682 2.058 1.058 -1.736 2.053 1.043 -1.862
Hy -1.045 -2.055 -1.682 -1.058 -2.058 -1.736 -1.043 -2.053 -1.862
Hs 1.629 -1.629 -1.681 1.611 -1.611 -1.674 1.626 -1.626 -1.862
Hg 1.045 2.055 1.682 1.058 2.058 1.736 1.043 2.053 1.862
H~ -2.055 -1.045 1.682 -2.058 -1.058 1.736 -2.053 -1.043 1.862
Hg -0.360 2.278 -1.681 -0.358 1.762 -1.682 -0.360 2.275 -1.862
Hg -2.278 0.360 -1.681 -2.291 0.358 -1.682 -2.275 0.360 -1.862
Hig -1.629 1.629 1.681 -1.611 1.611 1.674 -1.626 1.626 1.862
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Chapter 4. Application to organometallic metallocene molecule, TMCpy

4.3 Electronic configurations in GGA

In the constraint DF'T approach, the total energies of all electronic configurations that are
allowed by a symmetric group were calculated self-consistently with the Lagrange multipliers so
as to energetically determine the ground state electronic configuration. A part of the candidates

of electronic configurations are;

e VCpy

- 4A29 ((sz)ly (dm2—y2(xy))27 (dxz(yz))(J)

- 2E29 ((dzz)Za (de—yQ(ry))lv (dm(yZ))O)

- lAlg ((sz)O) (dm2—y2(xy))47 (dxz(yz))0>
- 3A1g ((d22)27 (d:cz—yQ(xy))2’ (d:BZ(yZ))O)
- 3E29 ((dzz)la (d:pQ—yQ(my))?” (dmz(yz))o)

- 5E2g ((dzz)la (de—yQ(xy))zv (dm(yz))l)
° MnCpg
- 2A2g ((d22)1> (d:cz—yQ(xy))4’ (dIZ(yZ))O)

- 3E29 ((dzz)Q, (d:pQ—yQ(my))?” (dmz(yz))o)

— S A1, ((d2)Y, (duz—y2(g)?s (dun(ye))?)
e FeCpy

= Vi ((d:2)?, (da—ypo)* (dasye)?)

— Ay (d:2)?, (day2o)’s (doy)?)
e CoCpy

— 2By ((d22)%, (du2—y2(ay))"s (das(y)))

- 4A29 ((d22)17 (dxz—yQ(xy))47 (d:vz(yz))2)
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4.8. Electronic configurations in GGA

[ N1Cp2

- 1E2g ((dzz)za (dxzny(:ry))éla (dxz(yz))z)

- 3A29 ((d22)27 (dz27y2(xy))4a (d:vz(yz))Q)

At first, the FeCps is focused. The calculated results show that the d,2_,2 ., and d,2 states
are fully occupied with respective electron occupations over 0.7 (electrons) in Table 4.3, and a
large energy gap of 2.8 eV appears between the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO), forming a closed shell with ' A;, symmetry.
Figure 4.8 shows calculated electron charge density distributions of HOMO and LUMO states,
where hybridizations of the Fe d,2_,2 ., — Cpa ey and Fe d,.,. — Cps €14 can be confirmed.
This is consistent with the molecular-orbital energy diagram presented in Fig. 4.5 (a). No
stationary solutions of the other electronic configurations were observed in the constraint DFT
calculations, even for large constraint field p, up to 10 eV. Thus, it is expected that the
electronic configuration of the ' A, state is energetically the most stable as expected from the

”18-electron rule” describing stable metal complexes.

Figure 4.8: Calculated charge density distributions for (left) HOMO and (right) LUMO for the
FGCI)Q of 1A1g-

90



Chapter 4. Application to organometallic metallocene molecule, TMCps

1cvy'0  1evv'0  LPL80  TGL8°0 60660 €9L6°0 €9.6'0 8G68°0 <¢968°0 05160 B 00°0 amv\m edDIN
€66€°0 €660 GL6L°0 086L°0  TLL80 06EL0 06VL°0 9€C80  €9¢80  €838°0 - 000 Emm edpop
¢ree’0  ¢v6e0  €LVL0  TRVLO0 89G80  CP6E0  CV6ED  ELVLO  PRVLO  89GR0 - 000 m:} edpog
CLTE0  ¢LIE0 09690 01990 €2¢e00 PEeLE0  PELED 6C5L°0  GECL0 94980 N@c 9¢'1 mmv\m
€q0r’o  €901T°0 T1¢00°0  ¢c00'0 69100 9€¥6'0  9€¥V6'0  S¥06°0  LPV0O6'0  T<C06°0 N?@w ¢cLC ET@
69.¢°0 69.¢°0 G9600°0  L60L0  €86L°0 91€E€0 9T€EE0 ¥LOSO  €CvL 0  TLIRO - 000 @,Nmm edpuyy
22920  LL9¢°0 ¥P0OL0O  8OTO0O  09vL°0  LL9¢°0  LL9CO  ¥#¥0L°0  S8OTO0  09¥L°0 \ﬁu ;wc 9¢'1T Sm?
191¢°0 19T¢°0 6L000  L0TO'0  6¢9L°0 ¥csLl 0 008¢'0 908¢0  ¥PLELO  €69L°0 ?%Jﬁc 9¢'T- m:xm
90¥¢'0  90¥¢’0 18690  G6000 69€0°0 9I¢e€0  9TcE0  ¥89'0  996L°0  LTIRO - 00°0 mmﬁm edpIp
e6v1I'0  €6v1'0  <¢€00°0  ¢e000  8ECO'0 0LICO O0LICO 61¢cL0  ¥0CL 0  98GL0 B 000 mﬂxm edpA

zf ZT fix M= Z zh 2T fix =T oZ [e3IqI0-p (o)l o

Ayzouty Arrolery pourRIIsuoy)

"poIsI] os[e axe [puueyp-ulds yym 17 pardde spejiqio-p o) pur A9 Jo jun o3 ut 7/ pey jureijsuod poarjdde
JO IBULIg YY) UM pajemoed cdH T, 10J (‘D) UOIIRINSYUOD DIUOIJIS[ Paule)o I0J sIdquUNU Uorednodo UoIjdse-p ¢§ oS[qel,

91



4.8. Electronic configurations in GGA

Figure 4.9: The Jahn-Teller distorted molecular structure for the CoCpy of 2Elg. Difference of
z position, A; is defined by A, = 2(Cg7)) — 2(Cyo) = 0.045 A

For the CoCp, and NiCp,, since the number of electrons is larger than that of the FeCps,
the doublet d,.,. is occupied by a single electron for CoCpy and by two electrons for NiCp,
(see Table 4.3), leading to ?E;, and *Ay, ground states, respectively. In both molecules, no
stationary solutions of the other electronic configurations exist in the GGA. Calculations con-
firmed that for the ZElg state of the CoCps, the degeneracy in the doublet d,. ,. occupied by a
single electron is removed. In terms of atomic position in Table 4.1, one can see that the Dsq4
symmetric molecular structure is distorted: for example, z-position of Cg7) differs from that
of Cio by Acoecp, = 2(Ce(ry) — 2(C1o) = 0.045 A (see Fig. 4.9) which is forty-five times greater
than Apecp, = 2(Cg(ry) —2(Cy2)) = 0.001 A in FeCp,. This distortion is induced by Jahn-Teller
effect and then the symmetry of D54 is degraded to Cyy,. The predicted ground states of CoCpo
and NiCp, agree with experiments [171,174,175].

For MnCps, where the number of electrons is smaller than in FeCp,, a low-spin *Es, state
is found as a solution of standard DFT scheme. Interestingly, addtional two different electronic
configurations are obtained by extended constraint DFT approach. By an introduction of
constraint field of -2.72 eV to minority d,. . orbital (uy,,. = —2.72 eV), ®Ay, state, in which
all of d® electrons occupied in parallel resulting in high-spin state, is obtained. Contrary, when
positive constraint field is applied to d.2-orbital in majority-spin states, ,u;, = 1.36 eV, a low-
spin 24, structure is confirmed. The d-electron occupancies in each electronic configuration

are listed in Table 4.3. The constraint DF'T calculations, secondary, reduced applied constraint

field so as to get a solution that corresponds to the standard unconstraint DFT equation.
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Chapter 4. Application to organometallic metallocene molecule, TMCpy

Figure 4.10 (a) shows relative total energy difference as a function of applied constraint field, p.
If a strength of 4}, . is reduced to zero, finally unconstrained solution of ®Ay, is produced: this
result is regarded as a significance because the constraint DF'T calculations achieve additional
stationary electronic configuration to the conventional DFT method. In the same manner, the
d; is dwindled to get 2Alg at u =0, but if p of less than 0.82 eV, QAlg moves into 2E29 state: in
other words, solution of the 24;, without constraining d electrons can not be achieved. Finally,
the calculated total energy indicates the ground state is 2Fs,, and the metastable of the 94,
state with higher energy by 0.77 eV. This result is in contrast to the previous +U calculations
where the ?Ey, state was predicted. [172]

For CrCp,, standard GGA-based DFT calculations give stationary solution for ® Ey, without
any constraint fields to d-orbital electrons. By performing the constraint DFT calculations
based on the procedures presented in previous paragraph for MnCps, another *A;, state is
provided using uiQ_yg = 2.72 eV, and then this configuration is preserved if the uiQ_?ﬂ decreased
to 0.0 eV finally. Note that total energy at zero point of u is evaluated after full relaxation
in molecular structure. Low-spin 'Fj, never be stabilized by a set of u at zero-point (see
Fig. 4.10 (b)). Fully optimized molecular structure is visualized in Fig. 4.11. The ligand two
Cps rings are tilted a few degrees while remaining parallel to each other. This distortion which
is induced by Jahn-Teller effect makes a degeneracy of doublet dy, orbital be solved, thus the
3 Fy, state result in a ground state with the total energy of ®Es, state lower than the *A4;, one

by 0.32 eV.

In VCpy, the ground state is predicted to be *Ay, in GGA. No other stationary solutions
were found, even for large constraint fields. This results is not surprising since the singlet d.,-

and the doublet d,-

_y2,zy in the majority spin states are fully occupied, which stabilizes the

high spin state.

Finally, Fig. 4.12 summarizes the energy positions of d orbital in the ground-state elec-
tronic configurations for studied TMCpy (TM=V, Cr, Mn, Fe, Co, and Ni) in GGA. Ta-
ble 4.4 compares the ground states obtained in our calculations with previous studies: theo-
retical results by GGA+U [172] and hybrid functional (B3LYP) [173] calculations, and experi-
ments [171,174,175]. With the electronic configuration of FeCp, which satisfies the 18-electron
rule [176] as a reference, spin multiplicity (25 + 1) of Eq. (4.2) simply increases due to one

and two more electrons for later TM atoms, i.e., Co and Ni, while it decreases due to one,
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Figure 4.10: The total-energy difference, AFE, with respect to the applied constraint field, u,
for (a) MnCp, and (b) CrCp,. For (a) MnCps, closed squares, triangles, and diamonds indicate
the solution for 2Fy,, %A1, and ?A;,, and for (b) CrCps, 3Fyy, Ay, and 'Ej,, respectively.
The plots at u = 0 correspond to a solution without any constraint fields.
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Chapter 4. Application to organometallic metallocene molecule, TMCp,

Side view Top view

Figure 4.11: The Jahn-Teller distorted molecular structure for the CrCpy of 3E2g.

tow, and three less electrons for earlier TMs, i.e., Mn, Cr, and V, respectively. This tendency
mostly agrees with the experiments, but only MnCp, seems to be still questionable, unfortu-
nately. The hybrid BSLYP calculations which is well-known as a powerful technique for treating
organometallic molecules predicted the high-spin A;,, in agreement with experiments, whereas
DFT-based results including present and GGA+U [172] calculations obtained low-spin ground
state 2Fy,. Furthermore, in CrCps, even though the spin multiplicity 25+1 = 3 is identical, the

configuration of occupied electrons (*Es,) disagrees with previous calculations (*A;,) [172,173].

Table 4.4: Ground state electronic configurations in the present constraint DFT calculations for
both GGA and GGA+U, compared to previous GGA+U (Ueg of 3.0 V) and hybrid functional
(B3LYP), and experiments for TMCpy (TM=V, Cr, Mn, Fe, Co, Ni). The U (in V) in the
parentheses of the third column are determined from constraint DFT calculations based on the
linear response theory.

Present calculations Previous calculations .
Experiments [168-171]
GGA  GGA+U (Us) GGA+U [172]  B3LYP [173]
\Y Ay, 1Ay, (2.3) LA LA * Ay,
Cr FEoq 3FEyy (2.3) 3 Ay, 3 A, 3Fa,
Mn 2Es, 64, (24) ?FEy, A, A,
Fe LAy, 1A, (2.5) 1A, LAy, LAy,
Co 2E, 2Ey, (2.6) 2Erg 2Ery 2Er,
Ni 3 Ay 3 Ay, (2.4) 3 Ay, 3 Ay, 3 Ay,

* Electronic configuration in Refs. [172,173] is identical to that of *A,,.
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(@) VCp, CAgy)  (b) CrCp, CE,yy) () MnCp, (CE,y) () FeCp, (‘A1) (€) CoCp, (CEyy)  (F) NiCp, (Agy)
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Figure 4.12: Energy diagram of the d orbitals in (a) VCps (*Aygg), (b) CrCps (*Eag), (¢) MnCpy
(*Egg), (d) FeCps (*A1y), (e) CoCpy (*E1g), and (f) NiCps (PAgy), calculated using GGA. Up
and down arrows indicate the electron occupations of the majority and minority spin states,
respectively. The reference energy (0 eV) is set to the vacuum level.
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Chapter 4. Application to organometallic metallocene molecule, TMCpy

4.4 Electronic configurations in extended GGA+U

As mentioned in the introduction, the correlation effects are of importance when considering
the electronic configurations of organometallic molecules. For all models, GGA+U calculations
are performed to investigate the stability of different electronic configurations, in which the
value of effective on-site Coulomb U varies from zero (GGA) to 8 eV. The U values are

obtained based on the procedures discussed in the previous chapter.

Interestingly, for MnCps the electron correlations (4+U) affects the stability of electronic
configurations of the ?F,, and ®A;,. Fig. 4.13 (a) shows the relative total energy, AFE, between
them with respect to the varying U.g, where the molecular structures were fully optimized at
each Usg. It can be easily seen that the stability between them is found to be very sensitive
depending on the Usg. When U.g increases, AFE for the 6Alg configuration monotonically
decreases, and this state becomes stable for U.g greater than ~ 2 eV, where the total energies
of the 6A1g and 2E29 states are nearly degenerate. In order to get the non-empirical U,
linear response calculations based on the constraint DFT was performed: a change of the Mn
d-electron occupations with respect to the constraint field p is shown in Fig. 4.14 (¢). Then
calculations using response functions of KS and SCF terms give the ULT of 2.4 eV. In that
case, present constraint DFT+U calculations provides a ground state of the ®A;, (Fig. 4.13 (a)),
reproducing experiments [168-171]. Importantly, starting the self-consistent calculations with
no constraints naturally yields the 2Fs, solution: thus, in this case constraint DFT must be

essential in the search for the true ground state.

Note that the ?E,, state could in principle be stabilized by the Jahn-Teller effect, i.e., a
lifting of the degeneracy of the doublet d,2_,2 ,, in the minority spin states. However, the °A;,
state — with fully occupied majority-spin states and empty minority — is still favorable due to
the large exchange splitting arising from the electron correlation (+U) effects. Thus, the high
spin electronic configuration with S = 5/2 ug is preferable, as expected by the Hund’s first
rule. As shown in Fig. 4.15 (a), the charge density difference, Ap = pyvncp, — (Pcps + Prin), Of
the A4, state shows small changes of the d orbitals around Mn site but almost no changes in

the molecular orbitals in the ligand Cps.

In CrCpsy, as shown in Fig. 4.13 (b), the energy difference AE for the ®A;, state decreases

as U.g increases and becomes stable when the U is over 4 eV. For g;fRT (=2.3 €V), the ground
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Figure 4.13: Total energy differences among the electronic configurations, AFE, as a function of
Uest for (a) MnCpy and (b) CrCps. Diamond (blue) and triangle (red) in (a) represent the ?Es,
and 9A4, states, respectively, and diamond (blue), triangle (red), and square (green) in (b), the
*Eog, *A1g, and °Ey, states, respectively. Usg = 0 eV correspond to the GGA results.
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Figure 4.14: d-orbital occupation numbers with respect to the applied constraint field u for

(a) VCpa, (b) CrCps, (¢) MnCps, (d) FeCpa, (e) CoCpsy, and (f) NiCp,. Red and blue solid
lines are Kohn-Sham (KS) and self-consistent-field (SCF) calculations.
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(a) °A,, for MnCp, (b) *E,, for CrCp,

Y Y

Figure 4.15: Charge density difference, Ap = pycp, — (Pep, + pm), for (a) °A1, MnCp, and (b)
3Egy CrCps for GGA+U with UL, The blue and red regions indicate positive (accumulation)
and negative (depletion) differences, respectively.

state is the Fy, state and the electronic configuration does not change due to electron correla-
tion effects. As seen in Fig. 4.15 (b), the charge density difference has significant hybridization
between the Cr dy2_,2 ,, and Cpy ey, orbitals. In this system, the single occupation of the dou-
blet d,2_,z2 ., causes a Jahn-Teller distortion that leads to the 3Es,; ground state. In contrast,
the 34, state predicted by previous GGA+U [172] and B3LYP [173] calculations corresponds

to the metastable state in the present constraint DFT calculations.

It is also demonstrated that the ULRT values for VCpg, FeCpy, CoCps, and NiCp, are also
obtained from linear response calculations: the values are almost the same for all molecules,
varying between 2.3 and 2.6 eV. For FeCps, there is no change in the ground state in the
GGA+U compared to the GGA, still ground state corresponds to ' 4;, state. The same situation
can be seen even in VCp,y, CoCps, and NiCps.

To conclude, the ground-state electronic configurations finally obtained by the GGA+U are
listed in Table 4.4, in which the values of non-empirical U.g are adopted, and the energy diagram
of the d orbital is shown in Fig. 4.16. From the dependence of stability on the U, it is clarified

that the calculated ground states are very sensitive to the U and to Jahn-Teller splittings.
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Chapter 4. Application to organometallic metallocene molecule, TMCpy

The spin multiplicity of S(= 2s + 1) has a maximum of S = 6 at MnCp,y due to high-spin
A, configuration induced by large exchange-splitting, while the S continuously decreases from
VCpy (S =4) to FeCp, (1), and then increases to NiCps (3) in GGA calculations. As a result,
predicted ground states are found to be in agreement with experiments in all of models. Thus,
an utility of constraint DFT including electron correlations via non-empirical U.g determined

from linear response for predicting the properties of correlated systems was demonstrated.

Table 4.5: Calculated energy gap between HOMO and LUMO for the TMCpy by both of
GGA and GGA+U methods in the unit of eV for obtained electronic configuration (E.C.)
in TMCpy. AFE is given by difference between gap of GGA+U and that of GGA, AFE =
Eoop(GGA + U) — B,y (GGA).

E.C. Egap AFE
GGA GGA+U
CrCpsy 3 Fag 0.68 1.49 0.81
MnCps, 2E2g 0.58 1.98 1.40
6 A, 0.71 1.82 1.11
FeCp, 1Alg 2.71 2.82 0.11
COCpg 2E1g 0.40 0.94 0.54
NiCps 3 Ag, 1.10 1.61 0.51
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Figure 4.16: Energy diagram of the d orbitals in (a) VCps (*Ayg,), (b) CrCps (*Eag), (¢) MnCpy
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with the UM values in Table 4.4. Notation is the same as in Fig. 4.12.
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Chapter 4. Application to organometallic metallocene molecule, TMCpy

4.5 Magnetic anisotropy

The present constraint DF'T calculations have been performed for systematical investigation
of magnetic anisotropy in TMCp,. Magnetic anisotropy energy, Eya, is defined by the total
energy difference between magnetizations orienting along the parallel (z-axis) and perpendicular

(z-axis) directions to the Cp plane,
EMA — ETOtal(ZL‘) . ETotal(z), (43)

where the total energies E™%! are calculated with self-consistently incorporated the SOC fol-

lowing second variation procedures.

Firstly, the GGA-based Fjy for the ground state of *Ay, (for VCps), 2Ey, (CrCpy), 2Fs,
(MnCpy), '4y, (FeCpy), 2E1, (CoCps), and 3Ay, (NiCps), are presented by red color bars in
Fig. 4.17. The magnetization of the CoCps energetically favors to lie along the perpendicular
direction to the Cp plane with Eya = 0.46 meV/molecule and for the NiCpy, the parallel
direction with -1.35 meV /molecule. Almost no preference in the magnetic easy direction for the

VCpy, CrCps, MnCpsy, and FeCps is observed, where the Eypa is less than ~ 0.03 meV /molecule.

In order to clarify the role of the HOMO and LUMO states on the magnetic anisotropy
for the CoCps and NiCp,, the energy contributions from the SOC interaction to the Fya are

evaluated based on the second-order perturbation theory [177]. The EZ may be given as

EXd ~ AE™ + AE™, (4.4)
where
AE™ = EM(2) - EM(2) (4.5)

G W'LM‘T - ‘@me (1.6

gu_go

AEY = EW(2) - E™(2) (4.7)
~ 2 ~ 2
(O L] = |(o |l

&)’y T (4.8)

Eu_go
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Figure 4.17: Calculated magnetic anisotropy energy, Fya, of the TMCpy (TM=V, Cr, Mn,
Fe, Co, and Ni), where positive and negative energies indicate that the magnetic easy axis lies
along the perpendicular and parallel directions to the Cp ring plane, respectively. Red and blue
bars correspond to the GGA and GGA+U calculations.

and £(r) is the SOC constant, assumed to the calculated values of 38.3 and 47.9 meV for Co
and Ni, respectively. The AE™", which corresponds to the SOC between the occupied (o') and
unoccupied (u') states in the majority-spin states, indicates that the same (different) magnetic
quantum number, m, gives a positive (negative) contribution to the E2 through the L. (L)
operator. For the AE™  i.e., the SOC between the occupied majority-spin (o') and unoccupied

minority-spin (u') states, the same (different) m gives a negative (positive) contribution to the

2nd
EMA .

In the CoCpa, as pointed in Fig. 4.12 (e), the Jahn-Teller distortion breaks the degeneracy
of the doublet d,.,. in the majority-spin states and introduces small energy gap between the
occupied (HOMO) and unoccupied (LUMO) states by A = 0.404 eV (see Fig.4.18 (a) for a
given A). This gives a large positive contribution to the EZ{, 0.91 meV, in which the small
energy splitting between the occupied and unoccupied states increases the EZY significantly
through the denominator of the first term in Eq. (4.6). On the other hand, the SOC between the
occupied majority-spin and two unoccupied minority-spin d,. ,. states (the spin-flip SOC term)

gives negative contributions through the second term in Eq. (4.8), by -0.473 and -0.311 meV
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Chapter 4. Application to organometallic metallocene molecule, TMCpy

for the lowest (LUMO+1) and second lowest (LUMO+2) unoccupied minority-spin states,
respectively. Here, note that the energy of HOMO state is separated from LUMO-+1 and
LUMO+2 by A; = 0.776 and Ay = 1.180 eV, respectively. Further, the SOC with the other
occupied d,2, dy2_,2 4, states gives very small contributions to the E2M compared to that in
the d,. ,. states mentioned above, since the energy separation with respect to the unoccupied

states is more than 2 eV. Thus, the perpendicular magnetic anisotropy arises mainly from the

SOC between the HOMO and LUMO states in the majority-spin d,. ,. states.

In contrast, for the NiCpy in Fig. 4.18 (b), the HOMO and LUMO states consist of the
majority and minority-spin states with the d,.,. orbital character, and both states separate
energetically by 1.097 eV each other. The second-order perturbation theory results in the EZ{
of -1.05 meV, which comes from the second term in Eq. (4.8) and thus gives always a negative

contribution to the F2ng.

The calculations were also performed using the DFT+U framework, in which the U.g de-
termined by the linear response theory were employed. The magnetic anisotropy energies are
shown by blue bars in Fig. 4.17. In the CoCpy and NiCps, since the energy gaps between the
HOMO and LUMO were increased by the correlation effects (+U), as shown in Fig. 4.16 (e) and
(f), the denominators in Eqgs. (4.6) and (4.8) become greater than that in the GGA, resulting
in the small contributions of the SOC interactions from the corresponding orbitals. Thus, the
magnitudes of the Eys also become small values. Similar situation is expected in the VCps
system. The sign of the Eya in the CrCp, was flipped from positive (perpendicular magneti-
zation with respect to the Cp rings) to negative (in-plane magnetization) values, and MnCpy
has the Fya of zero due to the spherical symmetric ground state of the °A;, state as well as

the FeCp, case.
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Figure 4.18: Energy diagram around the HOMO and LUMO states for (a) CoCps and
(b) NiCp,. The m is magnetic quantum number. Blue arrows indicate occupied electrons
and A shows HOMO-LUMO gap and A; (i = 1,2) energy gap from HOMO to LUMO+1,
LUMO+2, respectively.
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4.6 Concluding remarks

In this chapter, an application of developed linear response calculations for estimating the
Ut values to organometallic molecule, metallocenes, are presented. Because an additional
difficulty intrinsically related to various electron configurations of d electrons that nearly de-
generate is raised, calculations using non-empirical +U method combined with the constraint

DFT approach were performed to search for the ground-state electronic configuraitons.

As a result, this calculations clarified that ground states are very sensitive to the Ug
values and Jahn-Teller splitting. However, predicted ground states are found to be agree with
experimental observations: the ground states for TMCps, in which TM is V, Cr, Mn, Fe, Co,
and Ni, are *Ag,, 3Ey,, A, *Ay,, 2Fy,, and 3 Ay, respectively. These results imply that the
utility of combined linear response U.g calculations and the constraint DFT was demonstrated

to determine the properties of correlated systems.

Further, the FLAPW calculations were performed to systematical investigation of the mag-
netism, i.e., magnetic anisotropy. The magnetization of the CoCpy energetically favors highly
orienting along the perpendicular direction to the Cp plane due to the Jahn-Teller splitting in
the d,. ,. orbitals, and for the NiCps it lies along the parallel direction, where the HOMO and
LUMO states are found to play a key role to determine the magnetic anisotropy. The others

shows almost no preference for the magnetic easy axis.
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Conclusion

In this thesis, a methodology to obtain the effective on-site Coulomb interaction, Ug = U —
J, from the linear response approach has been developed and applied to prototypical correlated
materials such as transition-metal monoxides and organometallic metallocene molecules by

means of FLAPW calculation method.

In Chapter three, the Ueg values for TM atoms in TMO (TMs are Mn, Fe, Co, and Ni)
were evaluated from the change in the occupation numbers at the d electrons with respect to
an applied constraint field and the variation of the Ueg by changing the MT sphere radius was
examined. The calculated results show that the obtained U.g decreases as the MT sphere radius
increases, in which there is a large variation in the 2~3 eV. However, an identical band structure
in valence state can be reproduced in all systems with approximately scaling of calculated U,
which are proportional to the occupation numbers of the localized d electrons. These results
emphasize that the simple transferability of the U,z among different calculation methods is not

accepted to describe the ground state electronic structure that is internally consistent.

In Chapter four, this method was applied to the analysis of ground state electronic structure
in organometallic metallocenes, TMCps, where TM is V, Cr, Mn, Fe, Co, and Ni. In this system,
an additional difficulty is raised; various electronic configurations of d electrons are nearly
degenerate. In order to search the ground state, a set of the constraint fields were introduced
to the d-electron density matrix to calculate the total energies of all electronic configurations
allowed by a symmetric group. Since the FeCp,y satisfies the ”18-electron rule” describing

stable metal complexes, no other stationary solutions of other electronic configurations were

108
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observed in the constraint DFT calculations, resulting in the ground state of '4;,. Even in
the VCps, CoCpsy, and NiCp,y, no stationary solutions were found even for large constraint
fields; the electronic configurations of *A,,, 2Fy,, and ®A,, states were predicted as the ground
states, respectively. Interestingly, for MnCps, the low-spin 2F5g and high-spin ®4;, states are
energetically degenerate at determined U.g of 2.4 eV, while the latter configuration was more
stable due to the large exchange-splitting arising from electron correlation (4+U). In the CrCpy
the constraint DFT calculations suggested Jahn-Teller effect stabilizes the *Ey, as the ground
state, while the other two solutions, corresponding to *A;, and °E), states, were obtained.
The predicted ground state electronic configurations were consistent with experimental studies
while the stability between different electronic configurations is found to be very sensitive to

U.g values.

In this dissertation, non-empirical methodology for obtaining the U.g and the systematical
investigations of U.s, MT sphere radius, and electronic configurations have been studied by
means of first-principles FLAPW method. In conclusion, it is important to emphasize that
by using the methodology that is proposed in this dissertation opens a new avenue toward
reliable prediction of structures and physical properties in strongly correlated systems and

gives suggestions for future calculations.
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