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Abstract

Most of the calculations of electronic properties of transition metal oxide have been based
on the local density approximation (LDA) in the density-functional theory (DFT). However,
because of the well-known deficiency of the LDA, there exists a serious discrepancy between
the Kohn-Sham (KS) eigenvalues and the experimental excitation energies. In order to
improve the accuracy of electronic structure calculation of materials, the GW approximation
is introduced on the basis of many-body perturbation theory (MBPT).

Transition metal oxides have unusual and useful electronic and magnetic properties and
are used in wide variety of applications. Since many of these properties strongly depend on
defects or impurities, it is important to study electronic structures of transition metal oxides
with impurities in order to understand the physics of material properties. TiO, and ZnO are
the most investigated metal oxides for wide variety applications. There exists a quite large
degree of uncertainty in the experimental electronic energy gap. It also has been reported
with much interest that Nb impurities affect the conductivity and optical properties of rutile
TiO;. It is therefore highly desirable to present a systematic theoretical explanation of their
electronic structures.

In this thesis, I used our original all-electron mixed basis code TOMBO to calculate the
electronic structure of ZnO, TiO, and rutile TiO, with Nb impurities. Based on these results,
it can be conclude that the GW approximation seems good in describing not highly correlated

transition metal oxide system and with impurities.
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Chapter 1

Introduction

1.1 The transition metal oxide

Because of the unique band structure properties, the transition metal oxides are in a wide
spectrum of electronic and optoelectronic applications. The unusual properties are due to the
unique nature of the outer d-electrons. Therefore there exist strongly electron correlation.

Titanium dioxide (TiO,) is one of the most investigated transition metal oxides for wide
variety of photocatalytic, thermoelectric, solar cell, biosensing and gas sensing applications.
It exhibits serveral phases. The experimental band gap of anatase TiO5 is known to be 3.2
eV [1] or 3.4 eV [2]. The experimental band gap of rutile TiO; has a quite large degree of
uncertainty: 3.0 eV [3, 4], 3.3£0.5eV [5], 3.6+0.2 eV [6], and 4.0 eV [7].

Zinc oxide (ZnO) is a II-VI compound transition metal oxide, having wide electronic
and optoelectronic applications, such as light-emitting diodes, solar cells, and so on. The
band gap of cubic zincblende ZnO is 3.44 eV [8, 9] at low temperatures and 3.37 eV at room
temperature [9].

Research on TiO, and ZnO has continued for many decades, but it is still challenging for
understanding the electronic structures. Transition metal oxides have open d electron shells,
where electrons occupy narrow orbitals. Electrons experience strong Coulombic repulsion
because of their spatial confinement in those orbitals. Most of the calculations of electronic
structure of transition metal oxides have been based on the density-functional theory (DFT)
[10]. However, the Kohn-Sham (KS) eigenvalues underestimate the band gap compared
with the experimental excitation energies, due to the well-known deficiency of the LDA that
Kohn-Sham eigenvalues are not quasiparticle energies.

It has been also reported with much interest that Nb impurities affect the conductivity
and optical properties of rutile TiO, [11, 12]. In thermoelectric applications, for example,
Ti;_,Nb,O, alloys have attracted experimental interest. Rutile TiO, has high Seebeck
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coefficient, low thermal conductivity, non-toxicity, and stability at high temperatures, and
possesses potential applications in thermoelectric material field. However, the electronic
conductivity of rutile TiO; is very low, which limits the thermoelectric conversion efficiency.
With Nb impurities, the electronic structure will be modified. Modifying the electronic
structure is important way to improve physical properties of transition metal oxides. Nb
impurites reduce the band gap, and improves the conductivity and optical properties of rutile
TiO,. Ti;_Nb,O, alloys can obtain high electronic conductivity, and improve thermoelectric
properties. It is necessarily to stuy the electronic structure of rutile TiO, with Nb impurities to
explain to physical mechanism. However, DFT results fail and obtain wrong band structure.

To overcome the shortcomings of the standard DFT, many approaches have been intro-
duced, for example the self-interaction correction (SIC)[13], the DFT hybrid approach[14],
and the LDA/GGA + U approach[15]. The first approach has a clear physics but it has
also a serious ambiguity how to treat crystals. The second approach is widely used but the
results strongly depend on the parameter how to mix the DFT and Hartree-Fock functionals.
The last approach modifies the intra-atomic Coulomb interaction, improving the accuracy
of the electronic structure. However, there exits the Hubbard U parameter that adjusts the
band structure. The results with finite U value in the LDA/GGA + U approach sometimes
overestimate the lattice parameters and underestimate the band gap[16]. The calculated DFT
band structures are not improved by the energy-independent nonlocal-density corrections to
the LDA. Therefore, quasiparticle (QP) energies are needed [17]. The GW approximation
[17, 18] is introduced to improve the accuracy of electronic structure calculation of finite
band-gap systems.

1.2 The motivations for the thesis

The one-shot GW approximation, on the basis of many-body perturbation theory (MBPT)
[18, 19], solves the QP equation with the first order perturbative expansion for the self-
energy operator using the many-body Green’s function. It has been successfully applied
for a broad class of materials ranging bulk insulators and semiconductors [18, 19]. Some
one-shot GW calculations of TiO; and ZnO have been already reported: In anatase TiO,
calculations, Kang and Hybertsen [20] reported the X-I" indirect band gap of 3.56 eV. Patrick
and Giustino [21] obtained 3.3 eV of GW quasiparticle band gap starting from DFT+-U. In
rutile TiO, calculations, 4.8 eV [22], 3.59 eV [23], and 3.34 eV [20] were reported by the
one-shot GW method. Schilfgaarde et al. [24, 25] performed full-potential LMTO based
self-consistent GW calculation and obtained 3.78 eV for the band gap. Lany [26] used the
self-consistent GW calculation with fixed GGA+U wave function and obtained 4.48 eV for
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the band gap. He also obtained TDDFT-based local-field corrected values of 3.11 eV and
3.4 eV by introducing empirical d-orbital on-site energy. In zincblende ZnO calculation,
Shishkin and Kresse [27, 28] reported 2.12 eV of band gap in one-shot GW method, 2.54 eV
and 3.0 eV in GWy method, and 3.2 eV in GW method.

These values of the GW band gap are very scattered. There are two main reasons: (1)
Local fields [29, 30] play an important role in the calculation of dielectric function £(®), and
can cause a significant reduction of the dielectric function. Within the independent-particle
picture, local fields are often included by calculating the entire dielectric matrix &g ¢/ (®) and
evaluating the macroscopic dielectric function from the head of the inverse matrix, &g 1G’ (o),
here G denotes the reciprocal lattice vectors. Hybertsen and Louie [18, 31] pointé:d that
local field effects (the off-diagonal elements of the dielectric matrix) strongly influence the
self-energy. von der Linden and Horsch [32] show that neglecting the off-diagonal elements
from the very beginning leads to an almost rigid upwards shift of all valence-band states by
about 0.4 eV relative to the conduction bands. There exit strong local filed effects, so the use
of the generalized plasmon-pole (GPP) model [18] is not suitable for the electronic structure
of transistion metal oxides [20]. In rutile TiO; case, for example, it leads to too large band
gap. (2) The one-shot GW quasiparticle energy is determined by Kohn-Sham eigenvalues
and wave functions. Therefore different pseudopotential and exchange-correlation functional
may lead to the GW band gap differences.

In Ti;_,Nb,O, system, the Nb orbitals most likely introduce additional structure in the
loss function. In order to obtain an accurate band gap of TiO;, ZnO and Ti;_,Nb,O;, we
adopt the full @ integration instead of using the GPP model to evaluate the correlation part of
the self-energy, and we use the all-electron mixed basis GW method, in which wave functions
are accuratedly described by plane waves (PWs) and atomic orbitals (AOs). The present

approach is capable to describe spatially localized states as well as extended states quite well.

1.3 The aim of the thesis

The aim of the thesis is to achieve an accurate description of the electronic structure of
transition metal oxides, and understand how atom doping affect the band gap, using our

original all-electron mixed basis code TOMBO.

1. To obtain accurate electronic structures of ZnO and TiO,

There exist strong electronic correlation in transition metal oxides. DFT results fail
to describe the electronic structure. Electronic structure of pure ZnO and TiO; will be

calculated by GW method. QP energy will also be discussed, which contributions from



1.4 Qutline of the thesis 4

VLDA

the LDA exchange-correlation potential, V.., and the exchange (¥,) and correlation

(X,) parts of the self-energy Xgw .

2. To study how the Nb impurity affects the band structure of Ti; _,Nb,O,

In rutile TiO, with Nb impurities case, the DFT results obtain wrong band structure.
It is necessary to improve the band structure by GW method, and discuss how the Nb

impurity affects the band structure.

To perform GW calculation using TOMBO

All calculations will be based on our original all-electron mixed basis code TOMBO
[33-36]. In particular we use the new parallel version of TOMBO which includes
both the GW cluster calculation routine [37] and the GW crystal calculation routine
[38, 39]. The code is fully parallelized using MPI and openMP with distributed memory
architechture. Our method may help understanding the change in the electronic
structure of highly correlated transition metal oxide without and with impurities. It is
hoped TOMBO will be used by many scientists and engineers in the world and a lot of
important results will be obtained by using TOMBO in various fields.

1.4 QOutline of the thesis

The outline of the thesis is as follows:

1.

Chapter 1: Introduction

In this chapter, it contains an introduction of transition metal oxide, and the motivations
of this thesis.

Chapter 2: The GW Approximation

In this chapter, the GW approximation is introduced, in order to improve the accuracy

of electronic structure calculation of transition metal oxide.

. Chapter 3: Calculation Method

A short introduction of TOMBO is presented. The mixed basis formulation and

all-electron charge density are also introduced.

Chapter 4: Electronic Structure of anatase TiO; zincblende and ZnO

I perform calculations for pure TiO; and ZnO, and discuss the quasiparticle (QP)
energy contributions from the LDA exchange-correlation potential, and the exchange

and correlation parts of the self-energy.
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5. Chapter 5: Electronic Structure of rutile TiO, with and without Nb impurities

In this chapter, I calculate the Nb impurities case, and found an impurity level well
localized in the middle of the band gap of the host rutile TiO,, and discuss how the Nb
impurity affects the band structure.

6. Chapter 6: Conclusions and Outlook

Based on above results, I outlook GW approximation in calculation of band structure,
and the TOMBO used in describing not highly correlated transition metal oxide system.



Chapter 2
The GW Approximation

The calculated DFT band structures are not improved by the energy-independent
nonlocal-density corrections to the LDA, in any case, quasiparticle energies are needed [19].
In order to improve the accuracy of electronic structure calculation of materials, the GW

approximation is introduced on the basis of many-body perturbation theory (MBPT)[17].

2.1 The quasiparticle band gap

In the N-particle many-body neutral system, eigenstates and total energies are denoted

ly) and EV , respectively. The electron quasiparticle (QP) energies are defined by

SCQP =ENTL_EN  (unoccupied) (2.1)
and the hole QP energies are defined by
erkP = E(I)V — NI (occupied) (2.2)

These are excitation energies of the (N + 1)-particle system relative to the N-particle

ground-state energy E(’)V and thus correspond to the electron addition and removal energies. It

1s clear that SCQkP > gr and stkP < &r, where €F is the Fermi level. The quasiparticle energy

gap is given by
Egap = €y — Eppy = EN T +EN ! = 2By (2.3)
where ... and [...] indicate the energetically minimum and maximum Kk points of ..., and,

at each k point, the CBM and VBM refer to the conduction band minimum and the valence

band maximum, respectively.
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2.2 The Green function

The propagation of one particle through the system is described by the one particle

Green function. The one particle Green function is defined as:

G(Xl,l‘l,Xz,l‘z) = i<‘PN ’T [W(Xl,tl)WT(Xz,lz)] ’\PN> (2.4)

It contains the information on energy and lifetimes of the quasiparticle, and also on the
ground state energy of the system and the momentum distribution. Here, x = (x,7) = (r, 0,1).
Wy is the Heisenberg ground state vector of the interacting N-electron system satisfying
the engenvalue equation H|¥y) = E|W¥y),yy and IV;I are respectively the annihilation and
creation field operator and 7 is the Wick time ordering operator.
iHt

v(x,1) = ey (x)e ! (2.5)

iHt

vi(x,1) = e Hy'(x)e (2.6)

and the field operator satisfy the anti-commutation relation:

{wx.v' ()} = 8(x-x) 2.7)

v} = {y' @y’ @)} =0 23)

and:

v(x1,t) Y (x0,10) ift; > 1

) (2.9)
W(Xz,tz)l//T(Xl,tl) iftyy <n

Tly(x1, )y (x2,10)] = {

Therefore, the Green function describes the probability amplitude for the propagation
of an electron (hole) from position r; at 7, to ry at time #; for t; > 1, (f; < t2) (See Fig.2.1).
Insert a complete set of N+1 and N-1 particle states, }_; |1;/§V i1> <y/§\’ il| =1, we perform a

Fourier transform in energy space we obtain:

G(x1,x2:0) = Y Fxf (%)

2.10
~ 0 — & +insgn(& — €r) ( )
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t1 > to t1 < to

(U | (ry, 6T (r2, t2) [ ) —(ON [ (r2, 1) (e, 1) T

(ry,t,) (ry,t,)
[ O

O O
(r1st1) (r1;t1)

(a) add an electron (b) remove an electron

Fig. 2.1 Add/Remove an electron in the N-particle many-body system

where &F is the Fermi level,

(N—1) (N—1) - (2.11)

. ENTV_EN for e, > r

The subscript s indicate the quantum label of the states of the N &= 1 system. The amplitudes
fs(x) are defined as:

(2.12)

Fi(x) = (Pn|w(x)|PNr1,s) fore >ep
’ (Pn_15|W(x)|Py) fore <er

The Green function has the poles at the electron addition (removal) energies and describes

quasiparticles. So we can obtain the quasiparticle band gap information from Green function.

2.3 The self-energy

From the definition of Green function (G) and the equation of motion for y(r,?) :

i%l//(r,t) = [y(r,t),H]. we can show:

0

i5-G(1,2) = 6(1,2)+H0(1)G(1,2)—i/v(1+,3)G(1,3,2,3+)d3 (2.13)
1

Here, Hy = T + Vex + Vi, the number n stands for (r,,,7,), v(17,3) is the Coulomb interaction

between electrons. There exists 2-particle Green function, describes the motion of 2 particles:
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G(1,2,3.4) = = (¥ |7 [w(H)w )y @y (3)|| ¥ (2.14)

In frequency Fourier space:
[a)—HO]G(a))+i/vG2(a)) 1 (2.15)

Instead of introducing a 2-particles Green function, we introduce the self-energy operator,
Y . The self-energy allows to close formally the hierarchy of equations of motion of higher

order Green functions. Equation (2.15) is tranformed to 1-particle Green function.
(0 — Ho| G(o) +i / Y(0)G(0) = 1 (2.16)
The self-energy is a non-local and energy dependent operator. From the equation of motion:
(ho — Ho(r)] G(r, s o) — / (r,t"; )G, 1’ 0)d®" = 8(r ) 2.17)

Introducing the Lehmann representation for G. The QP energies and QP wave functions

can be obtained as solutions of a Schrodinger-type QP equation [40]

H, (1) + / dr'Z(r,v'; €97y (') = €97y (r) (2.18)

A practical approximation to calculate X is the GW approximation proposed by Hedin [17],
who wrote the self-energy as

Yow(r, 1 E) = é /da)e_’mwG(r,r’;E —o)W(r,r';0) (2.19)

The GW self-energy can be separated into two terms ( Xgw = Xx+ X, ). The exchange
part is given by

N _ L io0" . N _OCC Yok (1) W;k(r)
Z(r,r') = o /da)e G(rr;o)v(ir—r) = %:‘—h‘—r’\ (2.20)

and the correlation part,
To(r,ro) = é /dw’e"'“’wG(r, r';o—o) [Wrr;o)—v(r—r)] (2.21)

In equation (2.20), the symbol occ in the sum means that the summation is taken over the
occupied states only. X.(r,r’; E) is evaluated by using the full o integration [41]. In Equation
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XXXXXXXXXXXXXXXXXXXXXX. ’

Re w

XXXXXXXAXXXXXXXXXX
-W

Fig. 2.2 Contour C of the @’ integration in Equation 2.22

(2.21), it is difficult to perform the @' integral along the real axis, since W and G have a
strong structure on this axis. In order to avoid this difficulty, Godby et al.[42—45] restricted
the values of @ to small imaginary numbers and changed the contour of the @’ integral from
real axis to imaginary axis [19]. Then, by analytic continuation, the resulting Taylor series
1s used to estimate the matrix elements for real values of @. Ishii and Ohno et al. [41, 46]
suggested that this intergration method employed by Godby et al. [19] can be extended rather
easily to real number of @ by slightly modifying the contour. The contour along the real @’
axis from —oo to 4-oo for the integral Equation (2.21) can be replaced by the contour C shown
in Fig.2.2 . Here we further use the symmetry W (@) = W(—) to reduce the contour to the
positive real and imaginary parts only. The correlation part of self-energy’s diagonal matrix

n,k>

element becomes

(K[ nk) =T X Y (ko6

n q GG

i
X E /da)’ [WG,G’((L (1)/) — (477’-/QG2)8G,G’]

x ! + ! )
® + a), - gk_q7n/ - iék_qﬂ/ 0— (1), - gk—(Ln/ - iék_‘l#’l/

(2.22)
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with the help of W (w) = W(—).This term represents the contribution related to the electron
correlation.

Instead of solving equation (2.18) self-consistently, we adopt here the so-called one shot
GW approximation first proposed by Hybertsen and Louie [18]. The Green’s function (G)
is replaced by the LDA Green’s function G( and constructed in a non-self-consistent way
from the KS wave functions yA%(r) and eigenvalues £55(r). It will be discussed in the next

section.

2.4 Hedin’s equations

It is possible to calculate energy and lifetimes of quasiparticle excitation solving Eq.
(2.18). A formally exact way of calculating the self-energy is given by a set of coupled
equations,known as Hedin’s equations [18]:

Self-energy:
X(1,2) = i/d(34)G(1,3)F(3,2,4)W(4,1+) (2.23)

Screened potential:

W(1,2) = v(1,2) +/d(34)v(l,3)P(3,4)W(4,2) (2.24)
Polarization:
P(1,2) = —i/d(34)G(1,3)G(4, 1+)F(3,4,2) (2.25)
Vertex function:
I'(1,2,3) =96(1,2)0(1,3) +/d(4567)%G(4,6)G(7,5)F(6,7,3) (2.26)
Dielectric function:
e=1-vP (2.27)

The screened potential W can also be written as
w(l,2) :/d(3)81(1,3)v(3,2) (2.28)

From Hedin’s equations, we know how to calculate the self-energy. But it is still difficult

to do in practice. So the GW approximation is needed.
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2.5 The GW approximation

In GW approximation, the vertex function I in its zeroth-order form as:I'(1,2,3) =
0(12)8(13). So the Hedin’s equations become:

(1,2) = iG(1,2)W(1*,2) (2.29)
G(1,2) = Go(1,2) + / / d(3)d(#)Go(1,3)2(3,4)G(4,2) (2.30)
P(1,2) = —iG(1,2)G(2,1) 231)
W(1,2)=v(1,2) +//d(S)d(4)v(1,3)P(3,4)W(4,2) (2.32)

Using the GW approximation, the quasiparticle equation (Eq. 2.18) can be solved. The
quasiparticle spectrum is calculated with Eq. (2.18) using the first-order perturbation theory
in (Zgw — VEPA VEDA

wave functions l//rﬁ(s are sufficiently close to the true quasiparticle wave function y,k(r), so

), where is the LDA exchange-correlation potential. Usually, the KS

that the first-order estimate of the self-energy correction to the LDA eigenvalues in adequate
[18]. The GW quasiparticle energy elﬁiw is then obtained as

e = efd + Zuc (WAS [Zow (/5683 — VEPA (1) 8(r — v

viS) @3y

with a renormalization factor as

_ 3ZGW_(E)} - (2.34)

Znk = [1 OF

_oKS
‘E_Enk

2.6 One-shot GW approximation

In practice, Kohn-Sham orbitals and eigenvalues from a DFT calculation are often used as
input for a GW calculation and the quasiparticle spectrum is evaluated non-selfconsistenly
from Eq.(2.33) without updating the Green’s Function or the screened potential, that means
only one iteration is made. This is known as the “one-shot” GW or GoW, approximation
[18, 19] and has become a standard tool in electronic structure theory. Wy is hereby equal to
the RPA screened potential.
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The Scheme of the one-shot GW is shown in Fig.(2.3). In this thesis, electronic structures
are calculated by one-shot GW method. Firstly, Kohn-Shan equation is solved by DFT
and LDA, it obtain Kohn-Sham eigenvalues and wave fuctions. Then using one-shot GW
approximation, we can get polarization, dielectric function, screened potential, et. al..
From Hedin’s equations, we obtain the self-energy. Finally, we calculate the QP energy by
Eq.(2.33).

Kohn Sham

v
ZGI-T'

Fig. 2.3 Scheme of the one-shot GW calculation



Chapter 3
Computational Method

TOMBOI35, 36], all-electron mixed-basis code, is short for "TOhoku Mixed Basis
Orbitals ab initio program". In this thesis, electronic structures of transition metal oxides are
calculated by our original all-electron mixed basis code TOMBO developed by Prof. Kaoru
Ohno, et al..

3.1 Short introduction of TOMBO

Density funcitonal theroy (DFT) [10] and local density approximation (LDA) [47]
have been used in numerous electronic structure calculations and firt-principles molecular
dynamics (MD) simulations. To perform those calculations, Kohn—Sham (KS) equation
needs to be solved self-consistently such that the input potential is identical to the output
potential [47]. The electronic wave function has to be described by appropriate functions to
solve the KS equation. Among the plane wave (PW) expansion approach has been applied to
the ab-initio molecular dynamics (MD) simulations with reasonably high accuracy [33].

However, it is difficult to treat phenomena (hyperfine interaction, XPS, Xanes, etc.)
related to core electrons by this method. One problem in generating good pseudo potentials
is related to the fact that the core contribution to the exchangecorrelation potential is not
simply an additive quantity. Moreover, it is not easy to create efficient pseudopotentials,
which require only small number of plane waves.

On the other hand, linear combination of atomic orbitals (LCAO) approaches can enable
us to treat all electrons. However, these methods have an intrinsic problem of incomplete
basis set, and therefore there is a problem in applying them in perturbation theory or spectral
expansion, which requires a description in the complete Hilbert space. It is also difficult to
consider a negative affinity problem by these methods. Related but slightly different problem

inherent to these methods is a basis set superposition error (BSSE) [48, 49]. There is also
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some trouble in the Gaussian basis method [50] to describe cusp in the wave-funcion at the
nuclear position.

In these respects, it is highly desirable to develop new method, which combines the
PW expansion technique with the LCAO technique to remove pseudopotentials in the PW
expansion methods and to make the basis set complete in the LCAO methods. This is
the main idea to introduce the all-electron mixed basis approach. TOMBO [35, 36] is the
program package using this approach. Therefore, TOMBO is the all-electron firstprinciples
method, which can be applicable to both isolated and periodic systems with complete basis
set. It is not the overcomplete basis set because only limited number of PWs is used in the
computation.

The powerfulness of TOMBO is not only based on these features but also based on the
fact that it enables us to perform the state-of-the-art calculations such as GW approximation
and Bether—Salpeter equation. Using these methods, TOMBO can treat the problems related
to electron correlations, electronic structure around the band gap, excitation spectra, and so
forth.

The all-electron mixed basis approach has the following advantages:

1. The number of basis functions can be significantly reduced.

2. In Hamiltonian matrix elements, it is not necessary to store PW-PW part because it is
given simply by the Fourier components V(G — G').

3. It is possible to accurately treat core states because we determine AOs by using
Herman-Skillman code with logarithmic radial mesh.

4. There is no complexity to generate and treat pseudoptentials. There is also no problem
of transferability.

5. The overlap between AOs and PWs is calculated accurately by first performing
angular integral analytically and then performing radial integral of spherical Bessel functions
numerically in logarithmic radial mesh.

6. Because AOs are confined inside non-overlapping atomic spheres, there is no BSSE
problem, and it is not necessary to calculate overlap integrals between AOs centered at
different atoms, which might produce unnecessary computational errors. Simultaneously,
this reduces the overcompleteness problem.

3.2 Mixed basis formulation

TOMBO is short for "TOhoku Mixed Basis Orbitals ab initio program". The “mixed-
basis” indicates the method using both plane waves and Bloch sums made of atomic orbitals

as the basis set.
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For an isolated atom, it is possible to solves the Kohn—Sham equation very rigorously,
because of the system has a spherical symmetry. In this case, the Kohn-Sham wave function

is expressed as a product of radial function R ,;(r) and spherical harmonics ¥}, (r) as

q)]nlm _R]nl( )Ylm(r) (3~1)

Here, j, n, [, and m are atomic species, principal quantum number, angular momentum
quantum number, and magnetic quantum number.

In the mixed basis code, the KS wave function is expressed as a linear combination of
PWs and AOs as follows [35]

y(r) = %Zc‘é’W( )T+ Y Y 00 (jnlm) 90, (r —R;) (3.2)
G Jj nlm

Here, ¢ is the volume of the unit cell, G is the reciprocal lattice vector, c is the expansion

coefficients.

The formulation presented in the previous section based on MBPT requires summing
over large number of empty states. The PW basis set can most accurately describe the empty
states. In contrast, to describe the electrons in the core region accurately, the AO basis set
works better then the PW basis set. The all-electron mixed basis approach, using both PWs
and AOs as a basis set in a combined way, is able to meet the requirements to describe both
spatially extended and localized states. In our code, AOs are numerically described inside

the non-overlapping atomic spheres and the radial part is treated using the logarithmic mesh.

3.3 All-electron charge density

In the all-electron mixed basis approach, all-electron charge density p(r) is made of
three contributions: PW-PW, AO-PW,and AO-AO.

p(r) PW PW +ZPAO PW +ZPAO—AO (33)

In the all-electron mixed basis approach, the charge density is made of the three contributions,

2 occ

ZZZ PW G/ PW G)ei(G_G’)-r (34)

v G G

PW— PW

p
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occ

P?O’Pw(r)::5232;232;630%1nhnﬁﬁw(00><¢mmxr——Rjﬁ¥“”*+—acn (3.5)

occ
p;‘O’AO(r) = 22 Z Z A (Gn' 'm0 (jnlm) x Ojwrm (* —R;)jim(r—R;)  (3.6)
v n'l'm' nlm
where c.c. in equation (3.5) means the complex conjugate of the previous term. The first
PW-PW contribution can be conveniently treated in Fourier space. The rest two AO-related
contributions are confined only inside the non-overlapping atomic spheres, and can be written

together as
pAO(x) = PO (1) 0 4(r) G

This can be divided into two parts: one is spherical symmetric part and the other is asymmetric
part.

3.4 Input parameters

In the GW calcualtion using TOMBO code, it needs 5 input files: INPUT.inp, COOR-
DINATES.inp, KPOINT.inp, QPOINT.inp, and SPOINT.inp. INPUT.inp is the central input
file of TOMBO. It determines "what to do and how to do it", and can contain a relatively
large number of parameters. The variables related to both the unit cell and AOs should be
written in COORDINATES.inp: the lattice constant, lattice vectors, coordinates of the nuclei
and the number of orbit-type AOs for each atom.

In GW calculation, Self-consistent field (SCF) loop with special-point sampling (
SPOINT.inp ) is performed within LDA and then one-shot GW crystal calculation is per-
formed. To calculate the polarization function Pgq , k-point sampling is performed for
the points in the whole Brillouin Zone (BZ) assigned as “sum” in KPOINT.inp. Then the
correlation part of the self-energy, X, is calculated within the full @ integration by taking
g-point sampling in the irreducible BZ by using QPOINT.inp. Finally, the expectation values
of the exchange (X,) and correlation (X.) parts of the self-energy are evaluated for the k
points (typically at symmetry points in the irreducible BZ) assigned as “out” in KPOINT.inp.



Chapter 4

Electronic Structure of anatase TiO, and
zincblende ZnO

4.1 Computational details

(a) anatase TiO; (b) 1st BZ of anatase TiO,

Fig. 4.1 Crystal structure and the first Brillouin zone and special k-points of anatase TiO5.
Red and gray atoms stand for oxygen and titanium atoms, respectively.

The Crystal structure, the first Brillouin zone (BZ) and special k-points of TiO, and
ZnO are shown in Fig. (4.1) and Fig.(4.2). The GW calculation using TOMBO requires
the following settings to ensure the convergence of QP energy: The correlation part of
the self-energy, X, is calculated by performing the full @ integration using 201 points at
0.1+0.2n (eV) and 20.1+ (1 +2n)i (eV) for n = 0, 100 along the positive real axis and
then rotated 90° parallel to the positive imaginary axis[41] (here we utilize the relation
W(w) = W(—m)). We use s, 2s and 2p valence AOs (confined within the radius of 0.65 A)
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(a) zincblende ZnO (b) 1st BZ of zincblende ZnO

Fig. 4.2 Crystal structure and the first Brillouin zone and special k-points of zincblende ZnO.
Red and black atoms stand for oxygen and zinc atoms, respectively.

for oxygen, ls, 2s, 2p, 3s, 3p, and 3d AOs (confined within the radius of 0.8 A) for titanium
and (confined within the radius of 0.85 A) for zinc[35].

In anatase TiO, calculation, the cut-off energies are set as 18.29 Ry for plane waves,
73.14 for Fock exchange, and 9.33 Ry for correlation. To calculate the polarization function,
k-point sampling is performed for the (3 x3x3) points including the I" point in the whole
Brillouin zone (BZ). The number of levels used in the summation is 500. Exchange and
correlation parts of the self-energy are evaluated by taking 4 g-points (I" grid) sampling in
the irreducible BZ.

In zincblende ZnO calculation, 3x3x3 k-points including the I" point are used. The
cut-off energies of plane waves, Fock exchange, and correlation are set as 105.41 Ry, 421.62
Ry and 105.41 Ry , respectively. 5 g-points, and 1000 levels are used in zincblende ZnO
calculation.

4.2 Results and discussion

Table 4.1 summarizes the band gaps of anatase TiO, and zincblende ZnO calculated with
the LDA and GW methods. The band gaps of anatase TiO; and zincblende ZnO are 1.70 eV
and 1.46 eV in the LDA calculation; the GW band gaps are 3.44 eV and 2.83 eV, respectively.

Comparing with the experiment data, the LDA results seriously underestimate the band
gap. Due to 3d orbitals, there exist local electron correlations in TiO; and ZnO. In the LDA
calculation, the band structures are not improved by the energy independent nonlocal-density
corrections. Compared to the LDA results, the self-energy Xgw enlarges the band gap in the
GW calculation, and the results are close to experiment data well.

Several band gap values of the preexisting GW calculations are also listed in Table

4.1. Comparing the one-shot GW results, there exists a quite large degree of differences.
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Table 4.2 Contributions to the quasiparticle energies of anatase TiO; (eV).

State I . Yow ~ VLPA  gLDA gGW

CBM+1 -12.63 -434 -1697 -22.56 9.86 13.57
CBM -1198 -3.84 -15.82 -21.23 9.10 12.88

VBM 2143 272 -1871 -21.21 740 9.44
VBM-1 -21.87 2.63 -19.24 -21.72 7.37 9.36

Table 4.3 Contributions to the quasiparticle energies of zincblende ZnO (eV).

State Ty T Yow VEDA  gLDA - (GW

CBM+1 -639 -2.89 -928 -13.17 21.89 2493
CBM -8.47 -273 -11.20 -13.88 9.34 11091

VBM  -27.29 220 -25.09 -2635 7.88 9.08
VBM-1 -27.62 244 -25.18 -2635 7.88 9.02

In practice, Kohn-Sham orbitals and eigenvalues are used as input for a GW calculation.
Pseudopotential or the choice of the exchange-correlation functional (including the use of
DFT+U) may affect the quasiparticle energies in GW calculation. In our results, we used
the all-electron mixed basis, and described wave functions by plane waves (PWs) and atomic
orbitals (AOs), which would improve the accuracy of quasiparticle energies. Our results are
certainly much closer to the experimental values.

In the GW calculation of anatase TiO; , QP energy contributions form the LDA exchange-
correlation VEPA | the exchange(X,) and correlation (Z.) parts of the self-energy Xy are
listed in Table 4.2. The values of the LDA exchange-correlation V.4 in CBM and VBM
are very close (-21.23 eV in CBM, and -21.21 eV in VBM). The self-energy Xy values
of anatase TiO; is -15.82 eV in the CBM; this value becomes -18.71 in the VBM. The
difference gy — VLA becomes relatively larger from the VBM to the CBM. Consequently
the GW method increases the gap between the valence and conduction states, and improves
the underestimated LDA results.

Table 4.3 lists QP energy contributions in the GW calculation of zincblende ZnO. The
LDA results also underestimate the band gap, the GW approximation enlarges the band
gap, resulting in better results. The X, value of zincblende ZnO in the CBM is -8.47 eV.
Comparing with Table 4.2 , the ¥, value of anatase TiO; in the CBM is -11.98 eV. The X,

absolute values of ZnO in the CBM are much smaller than that of TiO,. From Eq. (2.20), the
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Y« value is estimated with the following equation:

// w:k<r>wn/k’(\f,) Ve @) o 4y

(W |Ze (e, 7)) = =) v

n'k!

Since the summation runs over the occupied states only, if |y;k) is an occupied state, the Xy

value becomes large negative; On the other hand, if |y,k) is an empty state, there is no large

overlap between Y,k and V¥, leading to a small negative value of 4. The correlation part

Y. of the self-energy has an opposite tendency against this exchange part Xy, reflecting the
effect of the electron screening.

There is much less overlap of ZnO than that of TiO, with the unoccupied states in the

CBM. This is because the electron configuration is 152522 p®3s23 p®3d%4s? for Ti atom and

1522522 p%3523 p®3d1045% for Zn atom, and 3d orbitals are fully occupied in Zn atom but not

in Ti atom.

4.3 Conclusions

The quasiparticle band structure of anatase TiO; and zincblende ZnO were calculated
using the all-electron mixed basis GW method. The LDA gives too small band gap. In
the GW calculation, the difference Ly — VL4 in the CBM becomes larger than that in
the VBM, which leads to a large change of quasiparticle energy between the VBM and
CBM. Consequently the GW method increases the gap between the valence and conduction
states, and improves the underestimated LDA results. By comparing the electronic structure
calculated by DFT or other GW methods, our results of the electronic structure calculation
using the one-shot GW approximation with the all-electron mixed basis approach, in anatase
TiO, case, the results are in reasonable agreement with experiments. The present GW method
may help understanding the electronic structure of not heavily correlated transition metal

oxides.



Chapter 5

Electronic Structure of rutile TiO, with
and without Nb impurities

It has been also reported with much interest that Nb impurities affect the conductivity
and optical properties of rutile TiO; [11, 12]. It is therefore highly desirable to present a
systematic theoretical explanation of their electronic structures. The band gap calculated by
the LDA is less than 0 eV, which conflicts with the experimental observation [51]. The GW
method corrects the band structure well. In this chapter, the electronic structures of both pure
rutile TiO, and Ti;_,Nb,O; are calculated by the GW method.

5.1 Computational details

Rutile TiO, has a tetragonal primitive cell with two formula units [see Fig. 5.1(a)]
and its symmetry is described by the space group P42/mnm. The lattice parameters are
a=b=4.594A and ¢ = 2.959A at room temperature. The Ti and O atoms reside at the 2a and
4 f Wyckoff positions, the latter characterized by the single internal parameter u = 0.305.[52]
The first Brillouin zone (BZ) of rutile TiO; is shown in Fig. 5.1(b).

In the GW calculation of TiO, with impurities, a larger supercell improves the accuracy
of the results. However because the GW calculation is very heavy and there is a limitation in
the computational resources, we have to use a rather small supercell.

FIG. 3(a) of Ref. [12] clearly shows the occupied impurity band about 1.3 eV below
the conduction band and the location of this impurity level does not significantly depend
on the impurity concentration (See Fig. 5.2). Moreover, there is no ESR signal in the Nb
doped TiO, samples, which indicates that the there is no unpaired electron localized at the

Nb impurity atom. From these experimental observations, we have noticed that Nb impurity
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(a) crystal structur (b) the first Brillouin zone

Fig. 5.1 The crystal structure (a) and the first Brillouin zone (b) including symmetry k points
of rutile TiO,. Red and gray atoms stand for oxygen and titanium atoms, respectively.

Table 5.1 Total energy of Tip75Nbg 250, at different position

Position Total energy (eV)
A(0.75,0.75, 0.5) -236.32
B(0.5,0.5,0) -235.98
C(0.25, 0.75, 0.5) -236.20
D(0, 0.5, 0) -235.80

atom (which has odd number of electrons) does not show spin magnetic moment. In order to
realize these experimental situations, Nb impurity chain is assumed instead of an isolated
Nb impurity atom, which suppresses the local spin magnetic moment. In our model, we
consider a relatively high impurity concentration. Ion channeling experiments suggest that
Nb atom substitutes a Ti site [S1]. Therefore, we use a 2 x 2 x 1 supercell, and two Ti atoms
are replaced by two Nb atoms.

To determine the impurity position of Nb atom, we compared total energies of the four
possible positions [(0.75, 0.75, 0.5), (0.5, 0.5, 0), (0.25, 0.75, 0.5), and (0, 0.5, 0)] of one Nb
atom with the other Nb atom fixed at the position (0.25, 0.25, 0.5); see Fig. 5.3. The atomic
positions are optimized by the geometric optimization using the VASP (PAW) code,[53, 54]
which is converged when all forces are smaller than 103 eV/A and allowed 10~ eV error
in the total energy using an LDA approach, the plane-wave cut-off energy is set as 350 eV,
and a k-point grid of 3 x 3 x 8 is used for BZ integrations.

As seen from Table 5.1, when the Nb atom substitutes the Ti atom at the position (0.75,
0.75, 0.5), the total energy is the lowest, and the crystal structure is most stable. The lattice
parameters are slightly changed, a =b = 9.12A, c= 2.921&; o= =90° v=289.56°. So,
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0 2 4 6 8 10 12 14
Binding Energy (eV)

Fig. 5.2 Valence-band x-ray photoemission spectra of Ti;_,Nb,O, ceramics for the differing
x values indicated. Binding energies are relative to the Fermi energy of a calibrant silver foil.
[This figure is taken from D. Morris et al., Phys. Rev. B 61, 13445 (2000).]
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Fig. 5.3 Crystal structure of Tig75Nbg 250,. Red, gray, and green atoms stand for oxygen,
titanium and niobium atoms, respectively.

we performed the GW calculation using Fig. 5.4(a) structural model. Its first BZ is shown in
Fig. 5.4(b).

The GW calculation using TOMBO requires the following settings to ensure the conver-
gence of QP energy: The correlation part of the self-energy, X, is calculated by performing
the full  integration using 201 points at 0.1 +0.2n (eV) and 20.1 + (1 +2n)i (eV) for n =
0, 100 along the positive real axis and then rotated 90° parallel to the positive imaginary
axis[41] (here we utilize the relation W(w) = W(—®)). We use s, 2s and 2p valence AOs
(confined within the radius of 0.65 A) for oxygen, 1s, 2s, 2p, 3s, 3p, and 3d AOs (confined
within the radius of 0.8 A) for titanium, and 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d AOs (confined
within the radius of 1.0 A) for niobium[35]. For rutile TiO,, the cut-off energies are set as
33.58 Ry for PWs, 170.01 Ry for Fock exchange, and 13.12 Ry for correlation. To calculate
the polarization function, k-point sampling is performed in the I" grid (3 x 3 x 5) in the whole
BZ, while we used 6 q-points in the irreducible BZ, although we found that 3 x 3 x 5 k-points
and 3 x 3 x 3 k-points give only 0.03 eV difference in the resulting absolute QP energies.
The number of levels used in the summation is 400. For Tig 75Nbg 250, the cut-off energies
are set as 13.28 Ry for PWs, 34.01 Ry for Fock exchange, and 13.28 Ry for correlation. The
I" grid 3 x 3 x 3 k-points, 1 g-point, and 400 levels are used; leading to a convergence of the
absolute QP energy to about 0.02 eV.
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(@) (b)

Fig. 5.4 The crystal structure (a) and the first Brillouin zone (b) including symmetry k points
of Tip75Nbg 250,. Red, gray, and green atoms stand for oxygen, titanium and niobium atoms,
respectively.

5.2 Results and discussion

5.2.1 Pure rutile TiO,

We first performed calculations for pure rutile TiO,. The resulting GW and LDA band
structures are shown in Fig. 5.5. The zero of energy is placed at the [VBM]. As anticipated,
LDA predicts too small band gap. The values of the energy gap calculated by the LDA and
GW methods are 1.68 eV and 3.30 eV, respectively. The top of the valence band [VBM] is
located at the I" point and the bottom of the conduction band CBM is located at the R point.
Compared to the LDA band structure, the self-energy Xsw enlarges the band gap in the GW
band structure. The indirect band gap between the I" and R points of 3.30 eV accords with
the experiment data (3.3 4= 0.5 eV)[5] well. Although some of previous reports of the GW
calculations have referred to the experimental value 3.05 eV,[3, 55] this value is the optical
gap including the excitonic effect and not the true energy gap defined by Egs. (2.1)-(2.3).
The experimental band width below the VBM[12] is about 6 eV, and our GW band width is
5.7 eV, which are also comparable each other.

There have been several GW calculations reported for the band gap of the pure rutile TiO,
as listed in Table 5.2. Oshikiri et al.[22] used LMTO-ASA based one-shot GW calculation
to obtain about 4.8 eV for the band gap. Schilfgaarde, Kotani et al.[24, 25] performed
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Table 5.2 The band gap of rutile TiO; calculated by GW methods (eV).

Band gap Calculation methods References
3.30 one-shot GW this work
4.8 one-shot GW Ref. [22]
3.78 self-consistent GW Refs. [24, 25]
3.59 one-shot GW Ref. [23]
3.34 one-shot GW Ref. [20]
4.48 GW with GGA+U Ref. [26]

3.3+0.5 Experiment Ref. [5]

3.6 0.2 Experiment Ref. [6]

full-potential LMTO based self-consistent GW calculation and obtained 3.78 eV for the
band gap. Chiodo et al.[23] reported 3.59 eV by using the plane-wave based QUANTUM-
ESPRESSO. Kang and Hybertsen[20] reported the I'-R indirect band gap of 3.34 eV by
using the plane-wave based one-shot GW code, pointing out that the use of the GPP model
of Hybertsen-Louie[18] overestimates the band gap by 0.6 eV compared to the results using
the full @ integration or the plasmon-pole model (PPM) of von der Linden—Horsch.[3] In our
all-electron mixed basis code, we found a similar energy gap difference of 0.7 eV between
the GPP model and the PPM of von der Linden—Horsch [56](or the full ® integration). This

! in the TiO, crystal, which

is due to the complex structure in the loss function, i.e. —Imée™
makes difficult to apply the PPMs, as discussed in Ref. [20]. More recently Lany[26] used
the GW calculation with self-consistent quasiparticle energies but with fixed GGA +U wave
function using VASP and obtained 4.48 eV for the band gap. They also gave TDDFT-based
local-field corrected values of 3.11 eV and 3.4 eV by introducing empirical d-orbital on-site
energy. These values of the GW band gap are very scattered, but our all-electron one-shot GW
result of 3.30 eV using the full  integration is close to the result of Kang and Hybertsen[20].

In the GW calculation, QP energy contributions from the LDA exchange-correlation
potential, VLPA, and the exchange () and correlation (Z.) parts of the self-energy Lgw
are listed in Table 5.3. We focus on the band energies of the VBM and CBM. As will be
seen in Section 5.2.3, the VBM is composed of O 2p and Ti 3d orbitals, and the CBM is
mainly composed of Ti 3d orbitals. The difference gy — V.LPA is relatively small at the
I' (2.28 eV) and R (2.11 eV) points in the VBM. Consequently the change in the energy
between the LDA and GW calculations, AVygwm, 18 less than 1.7 eV. One the other hand, the
difference Xgw — VXLCDA is rather large at the I" (4.36 eV) and R (4.11 eV) points in the CBM,
which leads to a large change in AVcpym. Consequently the GW method increases the gap

between the valence and conduction states, and improves the underestimated LDA results.
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Fig. 5.5 Band structure of the pure rutile TiO;. (Lines for the LDA, dots for the GW
calculation. The zero of energy is placed at the top of the valence band ([VBM] at the I
point).
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Table 5.3 Contributions to the quasiparticle energies of rutile TiO; at the I" and R points.

The expectation values of the exchange (¥X4) and correlation (X.) parts of the self-energy Xgw,
and the LDA exchange-correlation potential VP4 are listed together with the Kohn-Sham
energy eigenvalues sﬁ(s and the GW quasiparticle energies eg(w (in units of eV). The top of
the valence band and the bottom of the conduction band are denoted by [VBM] (at the I
point) and CBM (at the R point), respectively.

state T Y. Zew  VEPA XS %P
I CBM+1 —1331 —446 —17.77 —21.99 10.78 14.17
CBM  —13.06 —4.93 —17.99 —2235 1044 14.12
[VBM] —2221 291 —19.30 —21.58 876 10.48
VBM—1 —22.38 274 —19.64 —21.83 836 10.10
R CBM+1 —13.13 —4.64 —17.77 —21.89 10.54 13.80
{CBM} —13.16 —4.63 —17.79 —21.90 10.52 13.78
VBM  —21.62 3.09 —1853 -20.64 7.76 9.34

VBM-1 -21.68 3.14 1854 -20.67 7.73 9.32

The reason of this difference between the VBM and CBM is related to the difference between
the occupied and unoccupied states. In this sense, the CBM and CBM+1 have a similar
tendency, while the VBM and VBM—1 have a similar tendency. The characteristic of these
tendencies is explained as follows. In Table 5.3, the X4 (or ¥.) values are small negative
(or negative) in the empty CBM and CBM+-1 levels, and large negative (or positive) in the
occupied VBM and VBM—1 levels.

5.2.2  Tip75Nbg 2502

The band structure of Tig75Nbg 250, calculated with the GW method is shown in Fig. 5.6.
There appears a clear occupied impurity band (new VBM) in the middle of the large band gap.
Comparing with the band structure of the pure rutile TiO; given in Fig. 5.5, the magnitude of
the host band gap is almost unchanged, while, due to the emergence of the occupied impurity
band, the new band gap between the top of the new valence band [VBM] at the A point and
the bottom of the conduction band CBM at the X point becomes smaller. As shown in Fig.
5.6, Tig.75Nbg 250, has an indirect band gap of 1.25 eV from the A point to the X point in
the GW calculation. In the LDA calculation, on the other hand, the KS energy eigenvalue
sfks of the VBM is 12.73 eV at the A point, while that of the CBM is 12.36 eV at the X point.
The energy of the CBM is less than that of the VBM, and therefore the band gap calculated
by the LDA is less than O eV, which conflicts with the experimental observation.[51] The

GW method corrects the band structure well. Contributions to the quasiparticle energies at
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the A and X points are listed in Table 5.4. The value of V24 is almost the same between
the VBM and CBM. Therefore, we have an incorrect band gap in the LDA calculation. In
the GW calculation, because of the large self-energy contribution to the VBM and CBM
energies, the band gap is enlarged, leading to the results in qualitative agreement with the

experiments.[12, 51]

GW calculation Energy (eV)
LDA calculation Energy (eV)

Fig. 5.6 Band structure of the Tig75Nbg »505,. (Lines for the LDA, dots for the GW calculation.
The zero of energy is placed at the top of the valence band ([VBM] at the A point).

In order to understand how the Nb impurity affects the band structure, we discuss QP
energy contributions listed in Table 5.4 by comparing with Table 5.3. The characteristic
of the values of X and X is the same between the pure and with Nb impurity systems for
every level except for the VBM. That is, in both tables, ¥4 and X are negative for the CBM
and CBM+-1; X4 is large negative and X is positive for the VBM—1. But the characteristic
drastically changes for the VBM. With Nb impurities, it is seen from Tables 5.3 and 5.4
that ¥, changes sign from positive to negative and X changes from large negative to small
negative, i.e., their values become similar to those of the empty states, CBM and CBM+-1.
Again from Eq. (4.1), we find that there is only few overlap with the occupied states in the
VBM, which leads to the smaller negative value for ¥y, and X has the opposite tendency
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Table 5.4 Contributions to the quasiparticle energies of Tig 75Nbg 250, at the A and X points.

The expectation values of the exchange (¥X4) and correlation (X.) parts of the self-energy
Yew, and the LDA exchange-correlation potential VXI;DA are listed together with the
Kohn-Sham energy eigenvalues ng;(kS and the GW quasiparticle energies gg(w (in units of eV).
The top of the “impurity” valence band and the bottom of the conduction band are denoted
by [VBM] (at the A point) and CBM (at the X point), respectively. The band gap is positive
in the GW approximation but negative in the LDA.

state pI e Yow V}CDA SrIka eﬁ(P

A CBM+1 -—-14.66 -—-3.47 —18.13 —-22.05 13.04 15.69
CBM —14.17 —-2.80 —-16.97 —-20.63 12.87 15.62
[VBM] -—-17.39 -2.70 —-20.09 -21.40 12.73 13.71
VBM—-1 -22.63 3.69 —18.94 -2049 9.49 10.66

X CBM+1 —-13.74 —-4.05 —-17.79 —-22.25 1278 1592
{CBM} —14.15 -3.13 —17.28 —20.60 12.36 14.96
VBM  —-16.87 -3.15 -20.02 -20.58 12.34 12.77
VBM-1 -23.32 391 —19.41 -21.05 10.25 1147

(i.e., changing from positive to negative) due to the electron screening effect. This VBM is
a “new" occupied impurity band caused by Nb atom, unlike the occupied states of the pure
rutile TiO,.

5.2.3 Partial charge density analysis

We show the contour plots of the partial charge density of the VBM and CBM of the pure
rutile TiO; and the Tip 75Nbg 250, in Fig. 5.7. From Figs. 5.7 (a) and (b) of the pure rutile
TiO,, we see that the [VBM] (at the I' point) is composed of O 2p and Ti 3d orbitals and
the CBM (at the R point) is mainly composed of Ti 3d orbitals. The O 2p and Ti 3d orbitals
play an important role in the VBM. With Nb impurities, the partial charge density of the
VBM—1 (at the I" point) is composed of O 2p and Ti 3d orbitals as seen in Fig. 5.7(c), and
that of the CBM+-1 (at the X point) is mainly composed of Ti 3d orbitals as seen in Fig.
5.7(f), which is similar to Fig. 5.7(b) of the CBM of the pure rutile TiO,. By comparing
Fig. 5.7(c) with Fig. 5.7(a), we find that the partial charge density of the VBM—1 of the
Tig.75Nbg.2507 is similar to that of the VBM of the pure rutile TiO;, except that the intensity
of the partial charge density in particular around some of Ti atoms of the VBM—1 of the
Tip75Nbg.250; is less than that of the VBM of the pure rutile TiO;. (Note that all Ti atoms
are on the same plane in this figure.) This is because some parts of Ti 3d and O 2p orbitals
are hybridized with Nb 4d orbitals in the VBM. In fact, the [VBM] (at the A point) and the
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(e) ®

Fig. 5.7 Contour plots of the partial charge density of the VBM and CBM of the pure rutile
TiO; and the Tip.75Nbg 2502 on (0 O 1) plane with same magnification.

The two figures: (a) is the [VBM] (at the I" point) and (b) is the CBM (at the R point), both
for the pure rutile TiO,. The four figures: (c) is the VBM—1 (at the I" point), (d) is the
[VBM] (at the A point), (e) is the CBM (at the X point), and (f) is the CBM+1 (at the X
point), all for the Tig 75Nbg 250;.
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CBM (at the X point) are mainly composed of Nb 4d orbitals, and a few of O 2p and Ti 3d
orbitals as seen in Fig. 5.7(d) and Fig. 5.7(e). It indicates that these VBM and CBM are
the Nb-origin impurity level split off from the VBM—1 and CBM+-1 (i.e., the host VBM
and CBM) with Nb impurities. Thus, this occupied impurity band emerges at higher energy
than the host VBM level, and unoccupied impurity band emerges at lower energy. Since the
magnitude of the host band gap is almost unchanged and this impurity band is fully occupied
by electrons, it reduces the band gap. From Fig. 5.7(d), we see that there is a little overlap
between O 2p and Nb 4d orbitals, although O 2p orbitals do not much affect the VBM with
Nb impurities. The previous experimental study[12] has shown that Nb introduces a deep
state lying about 1.3 eV below the conduction band edge, and the new Nb 4d states overlap
the O 2p. Our result is in reasonable agreement with this experimental observation. Indeed,
the UPS observation (Fig. 3(a) of Ref. [12]) clearly shows the impurity band about 1.3 eV
below the conduction band and the location of this impurity level does not significantly
depend on the impurity concentration. Moreover, there is no ESR signal in the Nb doped
TiO, samples, which indicates that there is no unpaired electron localized at the Nb impurity
atom. From these experimental observations, we have noticed that Nb impurity atom (which
has odd number of electrons) does not show spin magnetic moment. Therefore we think that
our model is reasonable to realize these experimental situations in real TiO; samples in a
sense that Nb impurity chain instead of an isolated Nb impurity atom suppresses the local
spin magnetic moment and the relatively high impurity concentration would also correspond
to the UPS data mentioned above.

5.3 Conclusion

In this paper, we have discussed the quasiparticle band structure of the pure rutile TiO,
and Tig 75Nbg 250, using the GW approximation. The GW method increases the energy gap
between the valence and conduction states, and corrects the underestimated results of the
LDA. In particular, in the case with Nb impurities, the GW results open up the zero gap of the
LDA. The top of the valence band ([VBM]) at the I" point of the pure rutile TiO, is composed
of O 2p and Ti 3d orbitals, and the bottom of the conduction band (CBM) at the R point
is mainly composed of Ti 3d orbitals. With Nb impurities, a new occupied impurity band
appears in the middle of the host band gap as the new VBM. Therefore, the energy level of
VBM increases and the energy gap decreases (but still finite), because the host levels do not
change much. The behavior of the exchange and correlation contributions to the self-energy
is clearly changed in the VBM. The VBM of the Tiy75Nbg 250, is composed of Nb 4d
orbitals, a few of O 2p and Ti 3d orbitals. The CBM+1 and VBM—1 of Tiy 75Nbg 250, are
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similar to the CBM and VBM of the pure rutile TiO,, respectively. The occupied impurity
band produced by the Nb impurity atoms certainly reduces the band gap, which increases
electronic conductivity and improves thermoelectric properties. Our results of the electronic
structure are in reasonable agreement with experiments. Our method may help understanding
the change in the electronic structure of not so strongly correlated transition metal oxide with

impurities.



Chapter 6

Conclusions and Outlook

6.1 Conclusions

Transition metal oxides have unusual and useful electronic properties, because of open
d and f electron shells,and are used in wide variety of applications. It is important to
study electronic structures of doped transition metal oxides in order to understand the
physics of material properties. Band gap calculated by DFT is usually underestimated by
30-50%. To achieve accurate electronic structure, electronic structures are calculated by GW
approximation using TOMBO code.

In this thesis, I calculated the band structure of znic oxide and titanium dioxide using
GW approximation, and studied the physcisal mechanism of rutie TiO, with impurities.

Chapter 4. I calculated the electronic structure of pure TiO, and ZnO. Compared the
LDA band structure, the self-energy enlarges the band gap in the GW band structure. In the
—yLpa

GW calculation, the difference Xgw is relatively small in the VBM. Consequently

the change in the energy between the LDA and GW calculations, AEypyy, is small. One the
other hand, the difference LGy — VEPA is rather large in the CBM, which leads to a large
change in AEcpgys. Consequently the GW method increases the gap between the valence and
conduction states, and improves the underestimated LDA results.

Chapter 5. With Nb impurities in rutile TiO», it is seen that X, changes sign from
positive to negative and ¥, of the VBM becomes a small negative value from a large negative
value, their values become similar to those of the empty states (CBM and CBM+1). We
find that there is only few overlap with the occupied states in the VBM, which leads to the
smaller negative value for Xx, and Xc has the opposite tendency (i.e., changing from positive
to negative) due to the electron screening effect. This VBM is a “new” impurity level caused

by Nb doping, unlike the occupied states of the pure rutile TiO;.
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In the strongly correlated transition metal oxides system, the LDA approximation gives
too small band gap, even the wrong band gap that the band gap is less than 0 eV for semi-
conductors with impurities. To improve the accuracy of electronic structures, quasiparticle
energies are obtained using GW approximation. By comparing the electronic structure
calculated by DFT, our results of the electronic structure using GW approximation are in
reasonable agreement with experiments. GW method may help understanding the change in

the electronic structure of highly correlated transition metal oxide with impurities.

6.2 Outlook

Our results agree with experiments well, GW method may widely be used in study
transition metal oxides. This thesis is almost exclusively based on GW calculation using our
original all-electron mixed basis code TOMBO developed by Prof. Kaoru Ohno, et al..

The powerfulness of TOMBO is not only based on GW approximation but also based on
the fact that it enables us to perform the state-of-the-art calculations such as time-dependent
DFT, Self-consistent-GW approximation, GW+T-matrix method, Bether—Salpeter equation,
and an estimation of on-site Coulomb energy for molecular Mott insulator. Using these meth-
ods, we expect that TOMBO will solve the problems related to strong electron correlations

of transition metal oxides, electronic structure around the band gap, and so forth.
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