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1. Introduction

Magnetic phenomena are important in information technology since many decades as

the basis for mass storage devices but also in the rather new field of spintronics. As a

consequence of the advancing miniaturization in information technology, it becomes more

and more important to investigate and understand magnetic effects at surfaces, in thin

layers, and nano-structures down to on the level of single atoms. In the 1980s two impor-

tant surface probing methods were developed: the scanning tunneling microscopy (STM,

[1]) and the atomic force microscopy (AFM, [2]), that allow for surface imaging with

atomic resolution [3, 4]. In contrast to the AFM method, STM and scanning tunneling

spectroscopy (STS) do not only provide spatial resolution on the atomic scale but also

information about the local density of states (LDOS) at the surface [5, 6]. Soon, closely

related methods were proposed that allow not only to investigate the atomic structure

at surfaces but also their magnetic properties: the spin-polarized STM (SP-STM, [7])

and the magnetic exchange force microscopy (MExFM, [8]). Despite the success of SP-

STM and MExFM in the investigation of magnetic domains [6, 9], atomic resolution was

not achieved until quite recently [10–12]. However, many questions remained unsolved.

Possibly the most important questions regard (i) the interplay between spin and orbital

magnetization, (ii) the interplay between the spatial symmetry break at the surface, the

atomic geometry, and the magnetic ordering, (iii) the spatial orientation of the local

magnetic moments with respect to the surface, as well as (iv) the complex mechanisms

behind the interaction between the tip and the surface atoms in magnetically sensitive

surface-probing methods.

The 3d transition metal (TM) monoxides (TMOs) MnO, FeO, CoO, and NiO provide im-

portant benchmark materials for novel methods to investigate magnetic structures with

atomic resolution [6, 11, 13, 14]. Even though the 3d TMOs are insulators, it has been

shown for the NiO(001) and CoO(001) surfaces that the STM method is applicable and

provides atomic resolution if the sample is doped, e.g. with lithium [15, 16]. However,

hitherto no SP-STM experiments have been conducted for the TMO(001) surfaces. Re-

cently, the MExFM method was successfully employed to investigate the atomic structure

and magnetic ordering at the NiO(001) surface [6, 11, 13, 14].
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1 Introduction

The TMO crystals are built up by TM2+ and O2− ions and exhibit a rocksalt (rs) struc-

ture with space group Fm3̄m (O5
h) in their paramagnetic phase. In this configuration, the

TM2+ ions are surrounded by six nearest-neighbored O2− ions which generate an octa-

hedral crystal field. Consequently, the energetic degeneracy of the 3d shell of the TM2+

ions is lifted and the 3d states split into two sub-shells labeled eg (dx2−y2 and d3z2−r2) and

t2g (dxy, dxz, and dyz) according to their symmetry. Along the series MnO, FeO, CoO,

and NiO, the minority-spin 3d-t2g shell is successively filled, starting with an empty t2g

shell for MnO and ending with a completely filled one for NiO. Below their respective

Néel temperatures, 116–122 K (MnO) [17–19], 183–198 K (FeO) [19, 20], 292–293 K

(CoO) [19, 21], and 523 K (NiO) [19], these oxides exhibit an antiferromagnetic ordering

labeled AFM II [22], that is stabilized by a superexchange mechanism mediated by the

oxygen atoms [23, 24]. It can be regarded as a stack of ferromagnetic planes with normal

along the cubic [111] axis and with alternating direction of the local magnetic moments

of adjacent planes (see Fig. 3.2). The magnetic phase transition goes also along with a

geometrical distortion of the rs structure. Despite the vast knowledge about the 3d TMOs

that was acquired in many decades, the investigation of the actual crystallographic direc-

tion of the local magnetic moments in the AFM II ordering and the magnetocrystalline

anisotropy have been the subject of only few studies and are still under debate [22, 25–32].

Especially for FeO and CoO, there are clear experimental [27, 31] and theoretical [33–37]

indications, that both spin and orbital magnetization contribute to the total magnetic

moments and determine the magnetic anisotropy via the spin-orbit interaction [33, 37].

From the overview above, several questions can be derived: (i) What is the crystallo-

graphic direction of the local magnetic moments? (ii) How does it influence other physical

properties, e.g. the geometric distortions of the rs structure or optical properties? (iii)

Are there chemical trends along the series of 3d TMOs? (iv) What is the influence of an

additional symmetry break due to the presence of the TMO(001) surface? (v) What can

we learn for magnetically sensitive experiments conducted on the 3d TMOs? (vi) Which

influence have the orientation of the tip magnetization and the tip-surface distance on

the images? (vii) Can atomic resolution, corrugation, and spin-contrast be observed?

In Chapter 2, the basic concepts of the ab-initio calculations are introduced and the

models used to derive optical properties and to simulate (SP-)STM and AFM/MExFM

experiments are described. The questions regarding orientation of the local magnetic

moments, its influence on other ground-state properties as well as the influence of the

successive filling of the minority-spin TM 3d-t2g shell are investigated for the TMO bulk

crystals in Chapter 3. It follows a study of the optical properties of the bulk TMOs

in Chapter 4 and consequences for optical measurements are drawn. In Chapter 5, the

2



influence of the symmetry break due to the TMO(001) surface is investigated. Finally,

magnetic probing methods applied to the TMO(001) surfaces are studied in Chapter 6.

In particular, (SP-)STM images are discussed in the context of the electronic structure

of the surface whereas the MExFM images are discussed with respect to the complex

interaction between tip and surface. The thesis concludes with a summary in Chapter 7.
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2. Fundamentals

2.1. The Many-Body Problem

2.1.1. Interacting Particles

As human beings, we are used to observe our environment on a certain length and energy

scale. We find that objects can be distinguished, e.g. by their size, mass, or position, and

that the interaction among objects can be predicted unambiguously if only few objects

are involved. The behavior of such objects is well described by classical mechanics and

electrodynamics.

When investigating the constituents of matter itself, several classical concepts must be

called into question or have to be abolished completely. The first question that arises

is what the elementary constituents of matter are that describe the physics we observe.

Atoms are often regarded as the fundamental entities of matter. However, atoms are

complex many-body systems themselves that consist of electrons and nuclei, the latter

of which are again many-body systems consisting of protons and neutrons. When atoms

interact with each other in order to form molecules or solids, we often find that the char-

acter of these entities changes drastically. Weakly bound valence electrons are shared

among different atoms to form bonds or electrons are transferred almost completely from

one atom to another resulting in positively and negatively charged ions. Thermal or opti-

cal excitation of atoms, molecules, or solids might change their character as well. Excited

electrons can travel through a solid and will be screened by other electrons surrounding

them in order to form quasi-particles or they might interact with the hole they leave in

order to form an exciton. In the aforementioned cases, the character of the electrons

and the atomic nuclei as such did not change, while the atom as a fundamental entity

of condensed matter proved to be unsuitable. Therefore, on the energy scale relevant for

ground-state and dynamic properties as well as electronic excitations of matter, electrons

and nuclei comprise the fundamental quantum mechanical entities.
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2 Fundamentals

The Hamiltonian that describes the interaction among electrons and the atomic nuclei

has the form

Ĥ({x̂i}, {X̂j}) = Ĥe({x̂i}) + Ĥn({X̂j}) + Ûen({x̂i}, {X̂j}) (2.1)

with the Hamiltonians Ĥe and Ĥn that depend only on the electronic and nuclear coor-

dinates x̂i and X̂j, respectively, and the electron-nucleus interaction Ûen that depends on

both electronic and nuclear coordinates simultaneously. The electronic (nuclear) coordi-

nates x̂i = {p̂i, r̂i, ŝi} (X̂j = {P̂j, R̂j, Ŝj}) are multi-variables that comprise the operators

of the momentum p̂i (P̂j), position r̂i (R̂j), and spin ŝi (Ŝj) of the i-th (j-th) electron

(nucleus). The Hamiltonian (2.1) gives rise to a Schrödinger equation

Ĥ({x̂i}, {X̂j}) Ψ({xi}, {Xj}) = E Ψ({xi}, {Xj}) (2.2)

where the many-body wavefunction Ψ({xi}, {Xj}) depends explicitly on both, the elec-

tronic and the nuclear coordinates and is generally not separable. However, the large

difference of the masses of electrons and atomic nuclei suggests to expand the problem

in a power series in m/M̄ , where m is the mass of a free electron and M̄ is the average

mass of the nuclei. Born and Oppenheimer showed, that the correct power expansion is

in terms of (m/M̄)1/4 [38] and that the zeroth order approximation corresponds to the

Hamiltonian of electrons in the field of fixed nuclei

Ĥ{Rj}({x̂i}) = Ĥe({x̂i}) + Û{Rj}
en ({r̂i}) . (2.3)

The superscript {Rj} indicates that the positions of the atomic nuclei are fixed and enter

the Hamiltonian only parametrically. In the following, the restriction to Ûen is dropped

and energy operators Ûext({r̂i}, {ŝi}) of arbitrary external electrostatic and magnetic

potentials are considered. The electronic Hamiltonian takes then the form

Ĥ({x̂i}) = T̂ ({p̂i}) + Ûee({r̂i}, {ŝi}) + Ûext({r̂i}, {ŝi}) (2.4)

with the kinetic energy T̂ and the electron-electron interaction Ûee.

2.1.2. Second Quantization

In contrast to classical objects, quantum mechanical entities such as electrons or photons

are indistinguishable. Therefore, the expectation value of any observable must be in-

variant and, consequently, the wavefunction either symmetric (bosons) or antisymmetric
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2.1 The Many-Body Problem

(fermions) under the permutation of two particles [39]. The problem is now to construct

proper antisymmetric N -electron wavefunctions |Ψ〉N . This is solved in second quan-

tization by successive application of the creation operator φ̂†
α(r) on the vacuum state

|0〉
|Ψ〉N = |{αi, ri}〉N = φ̂†

αN
(rN) . . . φ̂

†
α1
(r1)|0〉 (2.5)

where αi is an index that characterizes the spin variable si and ri is the position of the i-th

electron. It is imposed that the form of the creation operator φ̂†
α(r) and the corresponding

annihilation operator φ̂α(r) = (φ̂†
α(r))

† is such, that |Ψ〉N is always antisymmetric. This

holds true only if the two operators fulfill the anti-commutation rules

[φ̂†
α(r), φ̂

†
β(r

′)]+ = [φ̂α(ri), φ̂β(r
′)]+ = 0 (2.6)

[φ̂α(r), φ̂
†
β(r

′)]+ = δαβδ(r− r′) . (2.7)

In second quantization, the terms in Hamiltonian (2.4) take then the form [40]

T̂ = − ~

2m

∑

α

∫

dr φ̂†
α(r)∆φ̂α(r) (2.8)

Ûee =
∑

α,β

∫∫

drdr′ φ̂†
α(r)φ̂

†
β(r

′) v(r− r′) φ̂β(r
′)φ̂α(r) (2.9)

Ûext =
∑

α,β

∫

dr φ̂†
α(r) wαβ(r) φ̂β(r) =

∑

α,β

∫

dr wαβ(r) n̂αβ(r) (2.10)

with the Coulomb potential v(r−r′) = e2/4πǫ0|r−r′| and the external potential wαβ(r) =

Vext(r)δαβ + (σ ·Bext(r))αβ, where Vext(r) is the external electrostatic potential, Bext(r)

the external magnetic field, and σ is the vector of the Pauli matrices. In the case of

vanishing external magnetic fields Bext(r) = 0, (2.10) reduces to

Ûext =
∑

α

∫

dr Vext(r) φ̂
†
α(r)φ̂α(r) =

∫

dr Vext(r) n̂(r). (2.11)

With the field operators φ̂†
α(r) and φ̂α(r) the following important operators can be defined:

n̂αβ(r) = φ̂†
α(r)φ̂β(r) matrix elements of the spin-density operator (2.12)

n̂α(r) = n̂αα(r) spin-up/down (α =↑ / ↓) density operators (2.13)

n̂(r) =
∑

α,β

δαβn̂αβ(r) electron density operator (2.14)

m̂S(r) = −µB

∑

α,β

σαβn̂αβ(r) spin magnetization density operator, (2.15)
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2 Fundamentals

where µB is the Bohr magneton.

The use of the Hamiltonian (2.4) in second quantization with the contributions (2.8)–

(2.10) asks for some comments: (i) The electrostatic potential Vext(r) in (2.11) is generally

a superposition of various sources. Here, it can be identified with the potential energy

of an electron at r in the electrostatic field of all nuclei at the fixed positions {Rj}. The

effect of the spins of the nuclei is neglected in accordance to Bext(r) = 0. (ii) Despite the

importance of the electron spins for the magnetic phenomena under discussion, relativistic

effects are not considered at this stage. They are generally treated on different levels of

approximations and are explicitly discussed in Sec. 2.3.

2.2. Density Functional Theory

Second quantization provides a principle how to construct many-body wavefunctions with

proper symmetry and allows to express any one-, two- or many-particle operator in terms

of creation and annihilation operators. However, it does not provide an explicit form of the

creation and annihilation operators and, hence, leaves the many-body problem unsolved.

Nevertheless, so called wavefunction methods exist, that try to describe the proper many-

electron wavefunction approximately using only few parameters [41]. While wavefunction

methods work well for few electron systems, they early encounter an exponential wall,

since the number of parameters needed grows exponentially with the number of degrees

of freedom, which is 6N for a system of N electrons at positions {ri} and with spins

{si} [41]. In 1964, Hohenberg and Kohn [42] proved two theorems that allow to replace

the N -electron wavefunction |Ψ〉 with the electron density n(r) = 〈Ψ|n̂(r)|Ψ〉 as the

fundamental quantity to describe the N electron system. In contrast to |Ψ〉, that depends

on 6N degrees of freedom, n(r) depends only on three spatial degrees of freedom.

2.2.1. Hohenberg-Kohn Theorems

The original theorems are formulated for electrons moving in an arbitrary external elec-

trostatic potential Vext(r), e.g. generated by the positively charged nuclei, and further

assume that the ground state is non-degenerate. Von Barth and Hedin [40] extended the

Hohenberg-Kohn theorems to spin-dependent potentials wαβ(r) and laid therewith the

basis for the spin-density functional theory with the spin-density matrix

nαβ(r) = 〈Ψ|n̂αβ(r)|Ψ〉 (2.16)

8



2.2 Density Functional Theory

as the fundamental variable. The following formulation of the Hohenberg-Kohn theorems

follows the work of von Barth and Hedin [40].

Hohenberg-Kohn theorem I

The first Hohenberg-Kohn theorem proves that there is a one-to-one map between the

external potential wαβ(r), the many-body wavefunction |Ψ〉, and the spin-density matrix

nαβ(r) in the ground state. Since the ground state is assumed to be non-degenerate,

|Ψ〉 and nαβ(r) are uniquely determined by the external potential wαβ(r). The opposite

direction, that |Ψ〉 and wαβ(r) are uniquely determined by nαβ(r) can be proved by

reductio ad absurdum.

Let wαβ(r) and w′
αβ(r) be two external potentials with wαβ(r)−w′

αβ(r) 6= const. that give

rise to operators Ûext and Û ′
ext. Assume further, that Ûext and Û ′

ext give rise to different

ground state wavefunctions |Ψ〉 and |Ψ′〉, but lead to the same ground state spin-density

matrix nαβ(r) = n′
αβ(r). With the corresponding ground state energies

E = 〈Ψ|T̂ + Ûee + Ûext|Ψ〉 and E ′ = 〈Ψ′|T̂ + Ûee + Û ′
ext|Ψ′〉, (2.17)

it follows

E < E ′ + 〈Ψ′|Ûext − Û ′
ext|Ψ′〉 and (2.18)

E ′ < E + 〈Ψ|Û ′
ext − Ûext|Ψ〉. (2.19)

Adding (2.18) and (2.19) gives

E + E ′ < E ′ + E + 〈Ψ′|Ûext − Û ′
ext|Ψ′〉 − 〈Ψ|Ûext − Û ′

ext|Ψ〉 (2.20)

with

〈Ψ′|Ûext − Û ′
ext|Ψ′〉 =

∑

α,β

∫

dr (wαβ(r)− w′
αβ(r)) n

′
αβ(r) and (2.21)

〈Ψ|Ûext − Û ′
ext|Ψ〉 =

∑

α,β

∫

dr (wαβ(r)− w′
αβ(r)) nαβ(r). (2.22)

Since nαβ(r) = n′
αβ(r) by assumption, this leads to the contradiction

E + E ′ < E ′ + E. (2.23)

9



2 Fundamentals

Therefore, given nαβ(r), the external potential wαβ(r) and, hence, Ûext is uniquely deter-

mined except for a physically unimportant constant. With Ûext[nαβ] and |Ψ[nαβ]〉 being

functionals of nαβ(r), also the ground state energy

E[nαβ] = 〈Ψ[nαβ]|T̂ + Ûee + Ûext[nαβ]|Ψ[nαβ]〉

= FHK[nαβ] +
∑

α,β

∫

dr wαβ(r) nαβ(r) (2.24)

becomes a functional of nαβ(r). The Hohenberg-Kohn functional

FHK[nαβ] = T [nαβ] + Uee[nαβ] (2.25)

is a universal functional of the spin-density matrix but is independent of the external

potential.

Hohenberg-Kohn theorem II

While the first Hohenberg-Kohn theorem proves that there is a one-to-one map between

wαβ(r) and the ground state spin-density matrix nαβ(r), the second Hohenberg-Kohn

theorem proves that the ground state can be determined from a variational principle.

By definition, the ground state |Ψ〉 minimizes the energy functional

E[Ψ̃] = 〈Ψ̃|T̂ + Ûee + Uext|Ψ̃〉. (2.26)

Since the wavefunction |Ψ̃[ñαβ]〉 is a functional of ñαβ(r), also the energy E[ñαβ] =

E[Ψ̃[ñαβ]] is a functional of ñαβ(r) and it holds

E[nαβ] = E[Ψ[nαβ]] < E[Ψ̃[ñαβ]] = E[ñαβ], (2.27)

i.e., only the ground state spin-density matrix nαβ(r) corresponding to wαβ(r) minimizes

the total energy. Practically, this means that the ground state spin-density matrix can

be obtained starting from any arbitrary spin-density matrix ñαβ(r) and varying it such

that the total energy is lowered until the global energy minimum is obtained.

2.2.2. Kohn-Sham Auxiliary System

The Hohenberg-Kohn theorems allow a reformulation of the many-body problem, now

in terms of the energy E[nαβ] as a functional of nαβ(r). However, similar to second

10



2.2 Density Functional Theory

quantization, the theorems show only the existence of a solution, but do neither provide

an explicit form for the Hohenberg-Kohn functional FHK[nαβ] nor a practical method for

the variation of nαβ.

In 1965 Kohn and Sham [43] suggested a framework of equations similar to the Hartree

and Hartree-Fock equations [44, 45] that allow to calculate the ground-state density n(r)

of electrons in an electrostatic potential Vext(r) self-consistently. Von Barth and Hedin

[40] generalized the Kohn-Sham theory to spin-dependent potentials wαβ(r). The basic

idea is to replace the system of interacting electrons in an external potential wαβ(r) with

an auxiliary system of non-interacting particles in an effective potential wS
αβ(r) that leads

to the same ground state spin-density matrix nS
αβ(r) = nαβ(r) as the interacting system.

The corresponding Hamiltonian of the non-interacting system is

ĤS = T̂ + ÛS (2.28)

where ÛS is the operator of the effective potential. Hamiltonian (2.28) gives rise to an

energy functional

ES[nαβ] = TS[nαβ] +
∑

α,β

∫

dr nαβ(r)w
S
αβ(r), (2.29)

and a set of single-particle Schrödinger equations

∑

α

{

−δαβ
~
2

2m
∇2 + wS

αβ(r)

}

φi
α(r) = εiφi

β(r) (2.30)

with eigenvalues εi and Pauli 2-spinors φi(r) = (φi
↑(r), φ

i
↓(r)). The spin-density matrix

of an N -electron system is given by

nαβ(r) =
N
∑

i=1

φi
α(r)φ

i∗
β (r), (2.31)

where the sum is over the N energetically lowest single-particle states. Rewriting (2.24)

one obtains

E[nαβ] = TS[nαβ] + EH[nαβ] +
∑

α,β

∫

dr nαβ(r)wαβ(r) + EXC[nαβ] (2.32)

where the Hartree energy EH[nαβ] and the exchange-correlation (XC) energy EXC[nαβ]

EH[nαβ] =
1

2

∑

α,β

∫∫

drdr′ nαα(r)nββ(r
′)v(r− r′) (2.33)

11



2 Fundamentals

EXC[nαβ] = T [nαβ]− TS[nαβ] + Uee[nαβ]− EH[nαβ] (2.34)

have been introduced. Variation of (2.32) with respect to nαβ and considering that the

single-particle states must satisfy the Schrödinger equations (2.30) leads to an expression

for the effective Kohn-Sham potential [46]

wS
αβ(r) = wαβ(r) + vH([nαβ]; r) + vXC

αβ ([nαβ]; r) (2.35)

with the Hartree vH([nαβ]; r) and XC potential vXC
αβ ([nαβ]; r)

vH([nαβ]; r) = δαβ
∑

γ

∫

dr′ nγγ(r
′)v(r− r′) (2.36)

vXC
αβ ([nαβ]; r) =

δEXC[ñαβ]

δñαβ(r)

∣

∣

∣

∣

ñαβ=nαβ

. (2.37)

It results the Kohn-Sham Hamiltonian

ĤKS
αβ = −δαβ

~
2

2m
∇2 + wαβ(r) + vH([nαβ]; r) + vXC

αβ ([nαβ]; r) (2.38)

and the Kohn-Sham equations

∑

α

{

−δαβ
~
2

2m
∇2 + wαβ(r) + vH([nαβ]; r) + vXC

αβ ([nαβ]; r)

}

φi
α(r) = εiφi

β(r). (2.39)

Finally, the total energy E[nαβ] can be expressed in the form [46]

E[nαβ] =
N
∑

i=1

εi − EH[nαβ] + EXC[nαβ]−
∑

α,β

∫

dr nαβ(r)v
XC
αβ ([nαβ]; r), (2.40)

where the first term is the band-structure energy and the remaining terms correct the

double-counting of the electron-electron interaction in the band-structure energy.

2.2.3. Explicit XC Functionals

So far, no further approximations beyond the Born-Oppenheimer approximation have

been used and the Kohn-Sham equations allow, in principle, the exact solution of the

non-relativistic many-body problem. If relativistic effects are included, of course, the

solution is only an approximation and only as reasonable as the treatment of relativistic

effects. While the Kohn-Sham equations provide a practical method to calculate the

12



2.2 Density Functional Theory

ground state electron spin-density matrix nαβ(r) and energy E[nαβ] self-consistently, the

problem that an explicit form of the XC energy EXC[nαβ] is unknown remains. In the

following, the discussion is restricted to the special case of collinear spin densities. Strictly

speaking, collinear spin densities means that a unique spin-magnetization axis eS =

mS(r)/|mS(r)| exists for all r, where the spin-magnetization density is given by mS(r) =

−µB

∑

α,β σαβnαβ(r). In this case, a global transformation exists that diagonalizes nαβ(r)

and, hence, the system can be described by the two spin-up n↑(r) = n↑↑(r) and spin-down

n↓(r) = n↓↓(r) densities alone, rather than the full 4-component spin-density matrix

nαβ(r). Even though this appears as a severe limitation, it is well justified since the focus

is here on (semi-)local functionals. Independent on whether the system is truly collinear,

nαβ(r) can always be diagonalized locally. Hence, the treatment of non-collinear systems

using collinear (semi-)local XC functionals is exact in the framework of the local spin-

density approximation (LSDA) and reasonable in the generalized gradient approximation

(GGA), if the rotation of mS(r) can be neglected locally. The collinear case, even if

only valid locally, is an enormous advantage for the Kohn-Sham and, hence, the density

functional theory.

General Definitions and Considerations

Instead of the two spin densities n↑(r) and n↓(r), other equivalent pairs of quantities:

(i) the electron density n(r) = n↑(r)+n↓(r) and the component of the spin-magnetization

density meS
S (r) = −µB[n↑(r) − n↓(r)] along eS, or (ii) the electron density n(r) and the

relative spin polarization ζ(r) = [n↑(r)− n↓(r)]/n(r) can be used.

Further, many properties are discussed in terms the (local) Wigner-Seitz radius rS(r) in

units of the Bohr radius aB [46]

rS =

(

4π

3
na3B

)− 1

3

, (2.41)

instead of the electron density n(r). The advantage of this representation is that rS(r)

becomes a small quantity when n(r) becomes large, for example in the vicinity of the

atomic nuclei.

It is further reasonable to split the XC energy (2.34) EXC = EX + EC into an exchange

EX and a correlation EC part. However, this splitting is generally not unique for an

inhomogeneous electron gas. Traditionally, EX is defined as the Hartree-Fock exchange

energy EHF
X as calculated from the self-consistent Hartree-Fock single-particle orbitals

[46]. In contrast, the framework of DFT suggests to identify EX with the exchange

13
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energy EKS
X calculated by inserting Kohn-Sham orbitals instead of Hartree-Fock orbital

into the Fock term [46]. An important feature of the latter variant is, that EKS
X fulfills

the spin-scaling relation [46–48]

EKS
X [n↑, n↓] =

1

2

(

EKS
X [2n↑] + EKS

X [2n↓]
)

(2.42)

where EKS
X [n↑, n↓] is the Kohn-Sham exchange energy of an arbitrarily spin-polarized

electron gas and EKS
X [n] is the Kohn-Sham exchange energy of an non-spin-polarized

electron gas. For the homogeneous electron gas the splitting of EXC is well defined, since

the single-particle orbitals are plane waves independent of the treatment of XC and,

hence, EHF
X = EKS

X .

Local Density Functionals and Gradient Expansions

It appears, that the lack of knowledge about FHK (2.25) was only transferred into

EXC. However, (2.34) shows clearly, that EXC is only the remainder of FHK after the

independent-particle kinetic energy TS and the long-range Hartree terms EH have been

separated out [49]. Hence, EXC contains mostly local or short-ranged energy contribu-

tions. Many (semi-)local density functionals write EXC therefore in the local form

EXC[n↑, n↓] =

∫

dr n(r)ǫXC[n↑, n↓; r], (2.43)

where ǫXC[n↑, n↓; r] is the XC energy per electron at point r in the spin-polarized system.

Due to the short-range character of exchange and correlation, ǫXC[n↑, n↓; r] is only a

functional of n↑ and n↓ in the vicinity around r. This suggests to expand ǫXC[n↑, n↓; r]

in derivatives of n↑ and n↓ around r, a method that was proposed already by Kohn and

Sham [43].

In first approximation, n↑ and n↓ can be considered to be homogeneous in the close

vicinity around r, which leads to the local-density approximation (LDA)

ǫXC[n↑, n↓; r] ≈ ǫhom
XC [n↑(r), n↓(r)] (2.44)

≈ ǫhom
X [n↑(r), n↓(r)] + ǫhom

C [n↑(r), n↓(r)], (2.45)

where ǫhom
XC [n↑(r), n↓(r)], ǫhom

X [n↑(r), n↓(r)], and ǫhom
C [n↑(r), n↓(r)] are the XC energy, the

exchange energy, and the correlation energy of a homogeneous electron gas of the same

spin densities n↑(r) and n↓(r) as the real system has at the point r, respectively. An

analytical expression for ǫhom
X [n] for an unpolarized electron gas within the Hartree-Fock
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Figure 2.1.: Left and middle: XC energy per particle in the Perdew Zunger parametrization
of LDA [50]. The left figure shows the relative contribution of the exchange energy to the XC
energy depending on the relative spin polarization ζ. The figure in the middle shows the relative
effect of spin polarization on the XC energy with respect to the unpolarized electron gas. The
light grey shaded area indicates the typical range of electron densities in solids, whereas the dark
grey area indicates the typical range of electron densities in the close vicinity of the nucleus, e.g.
where the TM3d states are located.
Right: Exchange enhancement factor FX(s) in the PBE parametrization of GGA [53] compared
to FX(s) in GEA [54].

approximation is given by [46].

ǫhom
X [n] = −3

4
e2
(

3n

π

) 1

3

= −3

4

e2

aB

(

9

4π2

) 1

3 1

rS
(2.46)

The exchange energy ehom
X [n↑, n↓] of a spin-polarized homogeneous electron can be cal-

culated according to (2.42). In contrast to ehom
X [n↑, n↓], no general analytical form exists

for ehom
C [n↑, n↓] and various parametrizations have been developed (see e.g. Ref. [46]).

In this thesis the parametrization of Perdew and Zunger [50] is used, which has been

determined by a fit to the high-density limit of Gell-Mann and Brueckner [51] and a fit

to the quantum Monte-Carlo calculations of Ceperley and Alder [52] for lower electron

densities. Figure 2.1 shows the relative contribution of ǫX[n↑, n↓] to ǫXC[n↑, n↓] as well

as the effect of spin polarization for various electron densities in the parametrization of

LDA according to Perdew and Zunger [50].

The next step in the expansion of ǫXC[n↑, n↓; r] in derivatives of n↑ and n↓ around r is to

include (spin-)density gradients [43, 55]. The generalized gradient approximation (GGA)
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[56][57] depends besides on n also on the normalized density gradient

s =
|∇n|
2kFn

=

(

3

2π

) 1

3

aB|∇rS| (2.47)

where kF = (3π2n)1/3 is the Fermi vector. GGAs solve various problems present in

earlier second order gradient expansion approximations (GEAs), such as the violation of

important sum rules of the XC hole [55] and certain scaling relations [54, 58]. Similar

to LDA, various parametrizations of GGA exist [54, 59]. Despite similar results for

many systems [54], the two parametrizations are not equivalent [59]. In this thesis the

parametrization of Perdew, Burke, and Ernzerhof (PBE, [53]) is employed. In PBE, the

exchange energy of an unpolarized electron gas takes the form

EX[n] =

∫

dr n(r)ǫhom
X [n(r)]FX[s(r)] with (2.48)

FX[s] = 1 + κ

(

1−
(

1 +
µ

κ
s2
)−1
)

µ = 0.21951, κ = 0.804 (2.49)

where FX(s) is the exchange enhancement factor. Figure 2.1 shows FX(s) in PBE and

GEA for small density gradients s. The deviation of FX(s) for PBE from GEA is a

result of the neccessary truncation of the XC hole in order to retain the sum rules [57].

EX[n↑, n↓] for an arbitrarily spin-polarized electron gas is again calculated according to

(2.42). The parametrization for EC[n↑, n↓] is more complicated and is not given here.

On-site Coulomb Corrections

The (semi-)local approaches LDA and GGA describe slowly-varying delocalized valence

electrons very well and are exact for a completely homogeneous electron gas. However,

they break down for finite systems and localized, atom-like states in extended systems [50].

The employed (semi-)local approximations suffer from at least two limitations: (i) Instead

of the sixfold coordinated rocksalt structure with magnetic ordering AFM2, fourfold

coordinated atomic geometries with a different antiferromagnetic ordering constitute the

ground state for MnO [60] and (ii) rather than insulating, the ground states for FeO and

CoO are found to be metallic [61]. These deficiencies of the functionals can be overcome

by introducing a d-d intraatomic Coulomb energy U (and its exchange counterpart J).

Strongly localized, atom-like states are generally accompanied by large electron densities

and, hence, exchange constitutes the dominant contribution to the XC energy. There-

fore, Anisimov et al. [62] add a screened Hartree-Fock energy for strongly localized
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2.3 Relativistic Effects

electrons and remove an averaged interaction energy, such that the energy eigenvalues

are shifted but the total energy remains almost unchanged. This approach also removes

self-interaction partly (see also Appendix A.2). Later, Liechtenstein et al. [63] removed

some restrictions of the Anisimov approach. In the DFT+U formulation of Liechten-

stein et al., the correction term depends generally not only on the eigenvalues of the

on-site density matrix but on the actual eigenvectors, i.e., which linear combination of

orbtial momentum states is occupied (see also Appendix A.3). Test calculations within

the Liechtenstein approach showed, that the additional pair-exchange terms ∝ J lead to

a quenching of the orbital magnetization. Dudarev et al. [64] simplified the Liechtenstein

approach by taking only spherical averages of the Coulomb matrix elements into account

(see also Appendix A.4). Hence, only the difference between the on-site repulsion and

the exchange parameter, U-J, enters the energy functional. In both, the LDA+U and

the GGA+U calculations the scheme of Dudarev et al. [64] is employed and, therefore,

all values for U given throughout the paper are effective values representing U-J. The

resulting correction term (A.16) depends only on the eigenvalues of the on-site density

matrix but not on the eigenvectors of the occupied states. Thus, the correction term

does not favor certain eigenstates, e.g. with or without an orbital moment, in the case a

partially occupied energetically degenerate (sub-)shell.

Since we investigate the functional dependence of the total energies originating from

the (semi-)local description of exchange and correlation, we need to avoid an additional

functional dependence originating from the DFT+U correction. This can be achieved by

using the same value of U within LDA+U as well as GGA+U. It then holds for any given

spin-density matrix nαβ(r) [64]

EGGA+U(nαβ)− ELDA+U(nαβ) = EGGA(nαβ)− ELDA(nαβ). (2.50)

As a consequence the relative energetic stability of a certain spin-density distribution

nαβ(r) within GGA+U compared to LDA+U depends only on the inclusion of gradient

corrections to the XC functional.

2.3. Relativistic Effects

So far, the basis for the description of the electronic motion in an arbitrary spin-dependent

external potential wαβ(r) was a non-relativistic Schrödinger equation with the Hamilto-

nian (2.4). However, if electrons move in the electromagnetic potential generated by the

positively charged nuclei and the electrons themselves, relativistic effects become impor-
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tant as well, especially for heavy atoms. The Dirac 4-spinors present in a fully relativistic

treatment can be successively decoupled in powers of 1/c, where c is the speed of light.

In this thesis, relativistic effects are considered up to the second order in 1/c2 and the

electrons can be described by Pauli 2-spinors as before [65]. Three types of relativistic

effects are present: (i) the mass correction of the kinetic energy, (ii) corrections due to the

motion of the electrons relative to the electromagnetic potential generated by the nuclei,

and (iii) corrections due to the motion of the electrons relative to the electromagnetic

potential generated by the moving electrons themselves [65]. The corrections (ii) can be

further divided into (a) the coupling of the paramagnetic, diamagnetic, and spin currents

of the electrons to the vector potential, e.g. generated by the nuclear spins, and (b) the

Darwin and spin-orbit coupling (SOC) terms due to the motion of the electrons in the

electrostatic potential of the nuclei [65]. Here it is assumed, that the vector potential

generated by the nuclei vanishes and, hence, the contributions (ii)(a) vanish as well and

are not discussed any further. The mass correction (i) and the Darwin term in (ii)(b)

do not depend on the electron spin and are often referred to as scalar-relativistic terms.

They predominantly affect s and p shells [66] and are in most electronic structure codes

considered during the pseudo-potential generation [67–69]. Therefore, they are not dis-

cussed here more explicitly. Relativistic effects due to the motion of the electrons relative

to the electromagnetic potential generated by the moving electrons themselves (iii), can

be approximately described by the Breit interaction [65, 70]. Usually, this contribution

to the total energy is negligibly small, even compared to SOC. However, it will be shown

later, that the Breit interaction is needed in order to describe the magnetic anisotropy of

antiferromagnetic MnO and NiO.

2.3.1. Spin-orbit coupling

In principle, two methods exist to account for spin-orbit coupling. Either, SOC is ab-

sorbed into the pseudo-potential similar to the scalar-relativistic terms [67–69] or is

treated explicitly during the self-consistency cycle [71, 72]. In the VASP code, the latter

method is implemented. The electron wavefunctions are described within the projector

augmented wave (PAW) method [73] in spheres around the atomic nuclei at sites R{i}.
Since relativistic effects become important only in the vicinity of the atomic nuclei, it

suggests to treat them only within the PAW spheres SPAW
i . This has two advantages: (i)

all quantities can be described using a spherical multi-pole expansion, and (ii) a local z

axis is given by the direction of the local spin-magnetic moment µ
i
S =

∫

SPAW
i

dr mS(r)

and, hence, spins can be treated collinearly. SOC is considered as an additional contri-

bution to the Kohn-Sham Hamiltonian (2.38) only within the PAW sphere. Because the
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SOC term is of the order 1/c2, it can be treated in a mean-field approximation and in

the Pauli approximation it becomes (within one PAW sphere at r = 0)

ĤSOC =
1

2m2c2
ŝ [E(r)× p̂] , (2.51)

where the electric field E(r) can be expressed as the negative gradient of a potential V (r),

i.e., E(r) = −∇rV (r). In VASP, the potential V (r) is identified by the spin averaged

Kohn-Sham potential (2.35), i.e., V (r) = (wS
↑↑(r) + wS

↓↓(r))/2. The gradient of V (r) is

largest in the close vicinity of the nucleus, located at the origin of the local spherical

coordinate system. In this region, V (r) has almost spherical symmetry and, therefore, it

is reasonable to approximate V (r) by its spherically symmetric component V (r). Hence,

(2.51) becomes

ĤSOC =
1

2m2c2
1

r

dV (r)

dr
ŝ · l̂ = ~

4m2c2
1

r

dV (r)

dr

(

l̂z l̂−

l̂+ −l̂z

)

, (2.52)

where l̂ = (l̂x, l̂y, l̂z) is the orbital momentum operator and l̂± = l̂x ± il̂y. Here, a few

comments are due: (i) In the form given in the right-hand side, the Hamiltonian (2.52)

can be easily included in the Kohn-Sham Hamiltonian (2.38). (ii) In explicit calculations

performed in VASP, SOC is not taken into account using the Pauli approximation, but

in the zeroth order regular approximation (ZORA) [74]. ZORA corrects the expressions

above including the prefactor (1−V/2mc2)−2. However, this does not change the principal

conclusions drawn. (iii) For atoms with completely filled shells, SOC leads to additional

splittings in the band structure and, hence, might strongly influence excitation properties,

but has usually negligible influence on ground-state properties, e.g. the cohesive energy,

lattice constant, crystal structure, and bulk modulus [75]. In contrast, the SOC energy

becomes an important contribution to the total energy for systems where the localized

shells are only partially filled, such as the 3d TMOs studies in this thesis.

2.3.2. Breit interaction

The Breit interaction [70] contains both spin and orbital contributions, which we both

take into account and, hence, it is mainly mediated by the magnetic field and the cor-

responding vector potential. This interaction is small and of the order of a few µeV

per atom [76]. Despite the inclusion of the transverse electron-electron interaction, two

approximations are reasonable: (i) a mean-field approximation may be made for the

magnetic field and (ii) the magnetic field can be approximated by a homogeneous one
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generated by magnetic dipoles µ
i
J that include both spin and orbital motion and are lo-

calized at the sites of the TM atoms Ri. Then, the Breit interaction is simply described

by the energy of the magnetic moments µi
J in the average field B({Ri}). The field itself

is generated by such dipoles µ
i
J . Indeed, Jansen [77] showed, that the expression for the

Breit interaction can be further simplified and the dominating contribution can be cast

in the form of a classical dipole-dipole interaction of the total magnetization density. If

the total magnetization density mJ(r) = mS(r)+mL(r) is mainly localized at the atomic

sites i, e.g. due to strongly localized d or f shells, the dipole-dipole interaction energy can

be expressed in terms of local magnetic moments µ
i
J =

∫

Si
dr mJ(r) integrated within a

certain sphere Si around the atomic position Ri. Here, typically Si is identified with the

PAW sphere SPAW
i . If further all local magnetic moments µ

i

J
have the same magnitude

µi
J = |µi

J | = µJ and are aligned either parallel or antiparallel, it holds

Edd =
1

2

µ0µ
2
J

4πr31

∑

i

σi
(

3(µ̂i
J · r̂i)2 − 1

)

(

ri
r1

)−3

, (2.53)

where µ0 is the vacuum permeability, σi = ±1 is the relative orientation of the local

magnetic moment µi
J of atom i to the local magnetic moment of the atom at the origin,

ri is the position of atom i relative to the atom at the origin in the distance ri = |ri|,
and µ̂

i
J = µ

i
J/µ

i
J and r̂i = ri/ri are unit vectors. In (2.53) all material dependent

quantities, i.e. the magnitude of the local magnetic moments µJ and the nearest neighbor

distance r1, are absorbed into the prefactor, which, thus, determines the magnitude of the

interaction. The sum in (2.53) contains only relative quantities and, hence, depends only

on the symmetries of the crystal structure and of the relative ordering of the magnetic

moments µ
i
J .

2.4. Optical Properties

In order to investigate the dependence of optical properties and especially the optical

anisotropy on the magnetic ordering, the macroscopic dielectric tensor ε̂ij(ω) has to be

calculated. In this thesis the independent-particle approximation[78] based on Kohn-

Sham eigenvalues and eigenstates is employed. A more extensive study would also ac-

count for quasiparticle, excitonic, and local field effects, e.g. in calculations based on

Hedin’s GW approximation [79] and the subsequent solution of the Bethe-Salpeter equa-

tion for the electron-hole pair interaction [80]. However, these effects provide only minor

corrections to the independent-particle results. While the main effect of quasiparticle

corrections is a blue shift of the optical spectra, excitonic effects lead to a red shift [81].
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Therefore, quasiparticle and excitonic effects tend to compensate each other at least par-

tially [81]. Local-field effects are negligibly small, at least for the 3d TMOs [82]. Here,

we are primarily interested in the influence of the magnetic ordering and SOC on the

optical anisotropy. Both effects are fully accounted for in the self-consistent solution of

the Kohn-Sham equations and, hence, are covered in the Kohn-Sham eigenvalues and

eigenvectors.

The derivation of ε̂ij(ω) follows the work of Gajdoš et al. [83]. Since crystals are trans-

lational invariant, the dielectric function in real space can be equivalently expressed in

reciprocal space by its Fourier transform [84–86]. Using Bloch functions |φnk〉 = eikr|unk〉,
where |unk〉 is the cell periodic part (which is here a Pauli spinor), it follows

ε(q̂, ω) ≈ 1− lim
q→0

4πe2

|q|2
1

Ω

∑

c,v,k

( |〈uck+q|uvk〉|2
ǫck+q − ǫvk − ~(ω + iη)

+
|〈uck+q|uvk〉|2

ǫck+q − ǫvk + ~(ω + iη)

)

,

(2.54)

where the sum is taken over all k points of the valence v and conduction bands c with

corresponding eigenvalues εvk and εck. The imaginary part of ε(q̂, ω) can be easily cal-

culated

ℑ{ε(q̂, ω)} ≈ lim
q→0

4π2e2

|q|2
1

Ω

∑

c,v,k

δ(ǫck+q − ǫvk − ~ω)|〈uck+q|uvk〉|2. (2.55)

With the definition of the dielectric tensor

ε(q̂, ω) =
∑

i,j

q̂iεij(ω)q̂j (2.56)

(2.55) becomes for ω > 0

ℑ{εij(ω)} ≈ lim
q→0

4π2e2

q2
1

Ω

∑

c,v,k

δ(ǫck − ǫvk − ~ω)〈uck+qei |uvk〉〈uck+qej |uvk〉∗ (2.57)

and the real part of εαβ(ω) can be calculated from the imaginary part via a Kramers-

Kronig transformation

ℜ{εij(ω)} = 1 +
2

π
P
∫ ∞

0

dω′ℑ{εij(ω′)}ω′

ω′2 − ω2
, (2.58)

where P denotes the principal value.
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Given the dielectric tensor εij(ω) and the direction of polarization e = E/|E| of the

incident light, the effective dielectric function is

εe(ω) =
∑

i,j

eiεij(ω)ej, (2.59)

where ei are the Cartesian components of e. From the effective dielectric function εe(ω)

various optical properties can be calculated. According to the Fresnel equations, the

reflectance is given by [87]

Re =

∣

∣

∣

∣

∣

√

εe(ω)− 1
√

εe(ω) + 1

∣

∣

∣

∣

∣

2

, (2.60)

where εe(ω) is the effective dielectric function for a given polarization along e (2.59).

Differences in the reflectance for two orthogonal polarizations e1 and e2, more precisely

the difference in the reflectance ∆R = Re1 − Re2 normalized to the mean reflectance

R = (Re1 +Re2)/2
∆R

R
= 2

Re1 −Re2

Re1 +Re2

(2.61)

is measured by reflectance anisotropy spectroscopy (RAS) [88, 89].

2.5. Modeling of Magnetic Surfaces

In non-magnetic materials, non-equivalent atoms are distinguished only by the different

chemical species of the atoms and their position in the unit cell. However, in materials

with a certain magnetic ordering, atoms that are equivalent with respect to their position

and chemical character might be further distinguished by the magnitude and orientation

of their local magnetic moments. Therefore, the symmetry of the magnetic ordering is

generally lower than the ’chemical’ symmetry of the crystal. Nevertheless, the following

description applies to non-magnetic as well as to magnetic crystals.

An ideal infinite crystal can be described by an array of primitive unit cells that is periodic

in all three dimensions. The translational symmetry gives, thus, rise to a Bravais lattice

R =
3
∑

i

miai, (2.62)
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where mi are integers and ai are the basis vectors of the primitive unit cell. Equivalently,

an infinite crystal can be described by a reciprocal lattice with basis vectors

bi =
2π

V
aj × ak, (2.63)

where V is the volume of the primitive unit cell and the indices i, j, k are a cyclic permu-

tation of 1, 2, 3. From (2.63) it is obvious, that bi is parallel to the normal of the lattice

plane spanned by the vectors aj and ak. Therefore, the normal vector n of any lattice

plane can be expressed in terms of the basis vectors of the reciprocal lattice

n =
ñ

|ñ| with ñ =
1

2π
(hb1 + kb2 + lb3), (2.64)

with integers h, k, l and, consequently, any lattice plane is uniquely determined by the

Miller indices (hkl) and the corresponding basis {bi}. For cubic materials, a simple cubic

unit cell is generally used as the reference system, even though it is not the primitive

unit cell, for e.g. the 3d TMOs with rock-salt structure and, hence, a face-centered cubic

(fcc) Bravais lattice. The advantage of the simple cubic cell is, that real and reciprocal

lattice vectors are parallel and form a Cartesian basis.

Choosing primitive lattice vectors ã1 and ã2 perpendicular to n, a two dimensional Bravais

lattice

R̃2D =
2
∑

i

m̃iãi (2.65)

can be constructed in the plane (hkl). Together with a stacking vector ã3 which must be

linearly independent of ã1 and ã2, a lattice

R̃3D =
2
∑

i

m̃iãi + l̃ã3 (2.66)

is spanned in the full crystal. If ã3 is a primitive vector, the vectors {ãi} define an

irreducible lattice and the full Bravais lattice of the crystal (2.62) is recovered. Therefore,

taking into account the positions rI =
∑3

i γ̃
I
i ãi of the atoms I in the primitive cell, the

full crystal can be constructed from atomic slabs with normal n.

An ideal surface is the boundary between two semi-infinite half-spaces, one of which being

filled with the crystal and the other one being vacuum. According to this definition, ideal

surfaces cannot be described exactly in numerical calculations, due to the lack of transla-

tional symmetry normal to the surface. In practical calculations an artificial translational

symmetry is introduced normal to the surface using super cells each containing a finite
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2.5 Modeling of Magnetic Surfaces

hydrogen. In this case, however, certain quantities such as the surface energy cannot

be calculated any longer.

• The slab thickness ds must be large enough so that the surfaces cannot interact

across the slab.

• The vacuum thickness dv must be large enough so that the surfaces cannot interact

across the vacuum.

Indicators that the last two constraints are fulfilled are:

• The surface energy of a stoichiometric slab

γ =
Es − Eb

2A
, (2.68)

with the total energy of the slab Es, the total energy of the bulk with the same

number of formula units of material as in the slab Eb, and the area of the surface

unit cell A, is converged with respect to vacuum and slab thickness. However,

this is only a rough indicator since small energy splittings in the band structure

of the surface states often preserve the same center of mass as the unsplit states.

Hence, the band structure energy and consequently the total energy may be already

converged, while the band-structure is not.

• The most accurate indicator is the electronic band structure, since it reveals whether

states that should be energetically degenerate are split or not.

Real surfaces are never ideal, i.e. bulk-terminated clean cleavage faces. Instead, rumpling,

relaxation and reconstruction occurs [90, 91]. For ionic crystals and cleavage faces with

low Miller indices, generally only rumpling Ri and interlayer relaxation Li,i+1 are present,

where i is the number of the layer counted from the surface. While Ri describes the

vertical displacement between anions A and cations C within the layer i, Li,i+1 describes

the change of the interlayer distance between layer i and i+ 1 [92].

Ri =
∆zA

i −∆zC
i

d0
(2.69)

Li,i+1 =
∆zA

i −∆zA
i+1 +∆zC

i −∆zC
i+1

2d0
, (2.70)

where ∆zA
i and ∆zC

i are the shifts of the anion and cation positions in the layer i with

respect to the corresponding bulk positions.
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Here, ns(r, ε) and ms(r, ε) are the energy-resolved contributions to the electron density

n(r) and spin-magnetization density m(r)

ns(r, ε) =
∑

i

∑

α

|φi
α(r)|2 δ(ε− εi) (2.72)

ms(r, ε) =
∑

i

∑

α,β

φi
α(r)σαβφ

i
β(r) δ(ε− εi), (2.73)

where φi(r) are the Kohn-Sham eigenvectors (Pauli spinors) with energy eigenvalue εi.

nt(r−Rt) and mt(r−Rt) are corresponding quantities originating from tip states. The

latter are, however, independent of the energy, since the tip is assumed to pin the Fermi

level. Further, EF denotes the Fermi energy and U is the applied voltage. Assuming

further that the tip is magnetized along the z direction, i.e., mt(r−Rt) = mt(r−Rt)ez

and that the tip-states at the Fermi energy into which the electrons tunnel are completely

spin polarized, i.e., mt(r−Rt) = −µBnt(r−Rt), (2.71) simplifies to

I(Rt) ∝
∫

d3r nt(r−Rt)

∫ EF+eU

EF

dε

[

ns(r, ε)−
mz

s (r, ε)

µB

]

. (2.74)

So far, no assumptions regarding the orientation or the possible non-collinearity of the

partial contribution of the surface states to the spin-magnetization density have been

made and (2.74) is valid for arbitrary densities ms(r).

However, two special cases emerge from (2.74): (i) the non-magnetic case and (ii) the

case where ms is parallel to mt everywhere. In the non-magnetic case, (2.74) reduces to

the original Tersoff-Hamann approximation

I(Rt) ∝
∫

d3r nt(r−Rt)

∫ EF+eU

EF

dε ns(r, ε), (2.75)

while in the collinear case it becomes

I(Rt) ∝
∫

d3r nt(r−Rt)

∫ EF+eU

EF

dε n↑
s (r, ε), (2.76)

where n↑
s is the contribution of the surface states to the spin-up density.

What remains is to properly describe nt(r−Rt). The simplest model to describe the tip

is to assume a point tip, i.e., nt(r−Rt) ∝ δ(r−Rt) and, hence (2.74) becomes

I(Rt) ∝
∫ EF+eU

EF

dε

[

ns(Rt, ε)−
mz

s (Rt, ε)

µB

]

. (2.77)
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AFM/MExFM experiments are conducted and the instruments are operated in a con-

stant frequency shift mode. In such a setup, a cantilever with spring constant k oscillates

with frequency f0, amplitude A and minimum tip-surface distance d above the surface

(see Fig. 2.4). The forces acting on the tip lead to a frequency shift ∆f = f − f0 that is

kept constant by means of a feedback loop and, hence, the isosurface of constant frequency

shift is measured.

A theoretical framework was provided by Garcia and Perez [96] following the work of

Giessibl [98]. Generally, the frequency shift ∆f depends on the actual parameters A,

k, and f0. However, in the large amplitude limit a normalized frequency shift γ =

kA2/3∆f/f0 can be introduced. It holds

γ(d; x, y) =
1√
2π

∫ ∞

d

Fts(x, y, z)√
z − d

dz, (2.78)

where Fts(x, y, z) is the z component of the total force acting on the tip with the position

Rt = (x, y, z) above the surface. It is clear from (2.78) that a superposition of various

forces Fts =
∑

i Fi translates directly to a superposition of normalized frequency shifts

γ =
∑

i γi each due to the corresponding force Fi.

Three important contributions to Fts can be identified: long-range (i) electrostatic Fes

and (ii) van-der-Waals (vdW) forces FvdW and short-range (iii) chemical and exchange

forces Fchem [96]. While the long-range forces might significantly change the magnitude

of Fts and, hence, γ, they do not contribute to the contrast of AFM/MExFM images

on the atomic scale. Electrostatic forces can be compensated using the Kelvin probe

technique with an appropriate bias voltage [96, 99] and, hence, are not considered any

further. The vdW force FvdW depends on the macroscopic tip shape and the material-

dependent Hamaker constant AH that describes the interaction between tip and sample.

While FvdW is always attractive in its nature, different macroscopic tip shapes lead to

a different dependence of the vdW force on the tip-surface separation [98, 100]. Kuhn

and Rahe showed, that for CaCO3 investigated with a Si tip, the measured long-range

forces were best described by blunt pyramidal or conical tip models [100]. However, the

complex structure of these tip models requires at least four adjustable parameters in

order to calculate the vdW force. In this thesis, the vdW force is taken into account for

a macroscopic tip described by a paraboloid of revolution with curvature radius R (see

Fig. 2.4), which leads to the vdW force [98]

FvdW(z) = − AHR

6 (z + zoff)
2
. (2.79)
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The resulting force (2.79) for the parabolic tip has exactly the same form as the expression

derived for model 1b in [100] and depends only on three adjustable parameters, the

Hamaker constant AH, the curvature radius R, and an offset zoff relative to the apex of

the microscopic tip (see Fig. 2.4). Here, the values AH = 1.865 × 10−19 J, R = 10 nm,

and zoff = a/2 = 0.845 Å are used. The normalized frequency shift γvdW due to the vdW

force can be calculated directly according to (2.78) and it holds for the chosen tip model

γvdW(d) = − AHR

12
√
2 (d+ zoff)

3

2

. (2.80)

The chemical and exchange forces Fchem are responsible for the resolution of AFM/

MExFM images on the atomic scale and are caused by the quantum mechanical in-

teraction between tip and surface. Hence, they cannot be described by simple models

but rather have to be determined by means of first-principles calculations in order to

obtain predictive results. Since the quantum mechanical forces have their origin in the

overlap of the electronic wavefunctions of the tip and surface atoms, the most important

contributions stem from the interaction of only few atoms at the very tip apex with the

surface atoms underneath. Therefore, not only the surface but also the tip apex has

to be modeled appropriately. Several models exist for the tip apex, ranging from single

atoms to clusters of various sizes [101–104]. In this thesis the tip apex is modeled as

a square pyramid consisting of five ferromagnetically aligned Fe atoms as suggested by

Lazo et al. [103, 105, 106] with height a = 1.69 Å and base length b = 3.38 Å [105, 106]

(see Fig. 2.4). The five-atom tip apex is the smallest one that let the magnetization of

the tip rather unchanged independent of the distance. However, test calculations have

been performed where the tip apex was modeled by a single Fe atom, but this model

turned out to be rather unstable. In order to prevent interaction of the tip apex across

adjacent surface unit cells, a TMO(001)p(2× 2) unit cell was used. The chemical forces

Fchem(Aσ; z) in a distance z are calculated for the tip apex above the inequivalent sur-

face atom sites determined by species A = {Mn,Ni,O} and spin orientation σ = {↑, ↓}
parallel or antiparallel to the ferromagnetic Fe tip. They are defined as the sum of the

Hellmann-Feynman forces acting on the five tip-pyramid atoms. The forces are densely

sampled in steps of 0.05 Å for tip-surface distances between 1.75 < z < 5 Å and the

related frequency shift γchem(d; x, y) is determined numerically according to (2.78).
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2.7. Numerical Issues

2.7.1. On-site Coulomb Interaction

Many different values between U = 0. . . 8 eV have been used in the literature to model

different structural, magnetic, and electronic properties of the TMOs [64, 107–110]. The

value of U is set to U = 4 eV for both TMOs and both DFT+U approaches throughout

this paper. An additional Coulomb interaction on the d shell of this magnitude gives

rise to the correct energetic ordering of octahedrally and tetrahedrally ordered crystal

structures for MnO. At the same time a gap is opened for FeO and CoO, while the

energetic ordering of the valence and conduction bands is not destroyed with respect to

spectroscopic findings and more sophisticated quasiparticle calculations [111]. Of course,

the resulting gaps are still too small since the excitation aspect is not taken into account.

Structural parameters as well as the spin magnetization are rather insensitive to variations

of the U parameter by ±1 eV [60]. Further, all unitary equivalent TM3d on-site density

matrices, i.e., all on-site density matrices with the same spectrum of occupation numbers,

lead to the same correction term in the Dudarev method [64]. Thus, the correction term

is independent of weather the eigenbasis of an on-site density matrix contains orbital

momentum eigenstates or not. Consequently, the orbital magnetization is not directly

influenced by the on-site Coulomb interaction U in the Dudarev method.

2.7.2. Wavefunction Representation

The projector-augmented wave (PAW) method [73, 112] is applied to generate pseudopo-

tentials and describe the wavefunctions in the core regions, more precisely within the

PAW spheres. The transition metal TM 3d, TM 4s, and oxygen O 2s, and O 2p electrons

are considered as valence states and a pseudo wavefunction within the PAW sphere is

expanded in partial waves up to l = 6 in order to treat the TM 3d states properly. In

the regions in between the atomic spheres, the Bloch wavefunctions are expanded into

plane-wave sets up to a certain kinetic energy. Therefore, the resulting valence states

possess an accuracy comparable to all-electron calculations. The one-particle wavefunc-

tions are expanded in a basis set of plane waves up to a cutoff energy of 750 eV in order

to converge the total energies to variations smaller than 1 meV per formula unit.
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2.7.3. Atomic Structure and Magnetic Ordering of the Bulk

The antiferromagnetically ordered TMOs are represented by crystals with a rocksalt

structure with a (magnetic) unit cell containing four atoms [22]. The primitive basis vec-

tors of the rhombohedral (magnetic) unit cell are in Cartesian coordinates a1 = a(1, 1
2
, 1
2
),

a2 = a(1
2
, 1, 1

2
), and a3 = a(1

2
, 1
2
, 1), where a is the cubic lattice constant. The correspond-

ing Brillouin zones (BZs) are sampled by a Monkhorst-Pack [113] mesh of 10 × 10 × 10

k points. The given k-point set is well converged to yield total energies with an accu-

racy of 1 meV per formula unit or better. In order to allow for spontaneous symmetry

breaking, which may occur in systems with partially filled degenerate shells, no symme-

try constraints are applied during the calculations, i.e., the k-space summations are not

restricted to the irreducible part of the BZ. Further, the atomic positions and the shape

of the unit cells are allowed to to change until the Hellmann-Feynman forces are smaller

than 1 meV/Å, while the volume of the unit cell is kept constant, in order to minimize

the total energy with respect to these degrees of freedom. The equilibrium volume V0,

the isothermal bulk modulus B0, and its pressure derivative B′
0 are obtained by fitting

the energy versus volume curves to the Murnaghan equation of state [114]. Subsequently,

other equilibrium properties, e.g. magnetic moments, are calculated for the determined

equilibrium volume V0.

2.7.4. Description of the TMO(001) Surfaces

Because of the antiferromagnetic ordering AFM II the smallest lateral magnetic unit cell

of the TMO(001) surface is a chemical p(2× 1) unit cell. The cell contains two formula

units of TMO and can be described with basis vectors a1 = a(1, 1, 0) and a2 = a(−1

2
, 1
2
, 0),

where a is the equilibrium lattice constant of the bulk. Our calculations are performed

within a supercell approach, where we use symmetric slabs with thickness ds = (nl − 1)a,

where nl is the number of layers, separated by a vacuum region of thickness dv. The third

basis vector of the supercell arrangement, a3 = (ds + dv)(0, 0, 1) is chosen perpendicular

to the TMO(001) surface. The atomic positions of the slab are allowed to relax self-

consistently until the Hellmann-Feynman forces are smaller than 1 meV/Å. In order to

obtain well converged TMO surface band structures, slabs of at least nine layers and a

vacuum thickness of dv=10 Å are required [115]. Symmetric slabs of nine layer thickness

are used in Chapter 5 and Sec. 6.1. The corresponding BZ is sampled by a Γ-centered

8×4×1 k-point mesh. However, the surface energies and the forces acting on the atoms at

or close to the surface converge faster with the slab thickness and are properly described

with slabs of five layers. The simulation of AFM/MExFM experiments is computationally
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demanding due to the vast amount of calculations that have to be performed, in order to

obtain a dense sampling of the chemical and exchange forces for various heights. Further,

in order to host the microscopic model of the tip apex such that it interacts only with

one of the surfaces, a larger vacuum region of dv=23 Å has to be chosen. Since the tip

model must neither interact with itself across the boundaries of the surface unit cell, a

chemical p(2×2) unit cell is chosen for the simulation of the AFM/MExFM experiments.

In order to make the calculations feasible, slabs of a thickness of five layers are used in

Sec. 6.2. The corresponding BZ is sampled by a Γ-centered 4×4×1 k-point mesh.
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3. Ground State Properties of the

TMO Bulk

In Section 3.1 the equilibrium volumes and elastic properties of the 3d TMOs are inves-

tigated, followed by a study of the distortions of the rs geometry in Section 3.2. The

magnetic moments and the magnetocrystalline anisotropy are studied in Section 3.3 and

relations to the geometrical distortions are discussed. Finally, the influence of the treat-

ment of XC on the ground-state properties under consideration is discussed in Section. 3.4.

The results presented here have been partially published earlier [33, 116].

3.1. Equilibrium Volumes and Elastic Properties

The equilibrium volume V0, the bulk modulus B0, and its pressure derivative B′
0 obtained

within LDA+U and GGA+U together with corresponding experimental values are com-

piled in Tab. 3.1 and Fig. 3.1. Both functionals, LDA+U and GGA+U, yield results in

very good agreement with experimental data and recover the chemical trends of decreas-

ing equilibrium volumes and increasing bulk moduli along the series MnO, FeO, CoO,

and NiO clearly. While the experimentally obtained values for V0 are underestimated in

LDA+U by 4–7%, they are only slightly overestimated by 2–4% within GGA+U. The

underestimation (overestimation) of V0 stems from the underlying LDA (GGA) func-

tional and is not specific to the 3d TMOs but rather a general trend also known for other

materials [131, 132]. However, it becomes clear from Fig. 3.1 that there exists a trend of

the accuracy of V0 along the series from MnO to NiO: While the results obtained within

both functionals deviate by approximately the same amount of 4–5% for MnO and FeO,

CoO and NiO are clearly better described within GGA+U compared to LDA+U.

When it comes to the bulk modulus, the results obtained within the GGA+U approach

are in almost perfect agreement with experimental results for all the 3d TMOs considered

here, while it is somewhat overestimated within LDA+U. However, a few comments are

due at this point: While the theoretical results are obtained in the limit T → 0 K and,
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Table 3.1.: Equilibrium volume (V0), bulk modulus (B0), and its pressure derivative (B′
0) for

the 3d TMOs calculated within LDA+U and GGA+U and compared with experimental data.
Further, the space group of the distorted crystal structure together with parameters decribing the
rhombohedral (∆α) and monoclinic (∆β, c′/a′, b′/a′) distortions are provided. The structural
distortions are explained in Fig. 3.2.

MnO FeO CoO NiO

V0 (Å3)
LDA+U 20.8 19.0 17.9 16.8
GGA+U 22.6 20.9 19.8 18.5
Exp. 21.7. . . 21.8a 19.7. . . 20.3b 19.3c 18.1. . . 18.2d

B0 (GPa)
LDA+U 175 199 219 237
GGA+U 143 156 169 186
Exp. 144. . . 159e 141. . . 176f 186g 187. . . 238h

B′
0

LDA+U 4.2 4.2 4.3 4.3
GGA+U 4.3 4.5 4.4 4.4
Exp. – – – –

Space gr.
LDA+U R3̄m R3̄m C2/m R3̄m
GGA+U R3̄m C2/m C2/m R3̄m
Exp. R3̄mi R3̄mj,R3̄k, C2/ml C2/mm R3̄mn

∆α (deg.)
LDA+U 0.90 −0.83 – 0.16
GGA+U 0.72 – – 0.07
Exp. 0.43. . . 0.62o −0.45. . .−0.56p – 0.08. . . 0.1q

∆β (deg.)
LDA+U – – −0.46/0.07∗ –
GGA+U – −0.48 −0.80 –
Exp. – −0.62l −0.30r –

c′/a′
LDA+U – – 0.997/1.006∗ –
GGA+U – 1.025 0.976 –
Exp. – 1.023l 0.988r –

b′/a′
LDA+U – – 1.007/0.994∗ –
GGA+U – 0.975 0.985 –
Exp. – 0.991l 0.999r –

aRefs. [22, 117–119]
bRefs. [30, 32, 119–122]
cRefs. [31, 119]
dRefs. [117, 123]
eRefs. [119, 124–127]

fRefs. [119, 120]
gRef. [119]
hRefs. [123, 128, 129]
iRefs. [22, 117, 118]
jRefs. [22, 121, 122]

kRef. [30]
lRef. [32]
mRefs. [22, 29, 31]
nRefs. [22, 117, 130]
oRefs. [22, 117, 118]

pRefs. [30, 122]
qRefs. [117, 130]
rRef. [31]

∗ The first value is obtained for the easy axis along ≈ [1̄, 1̄, 1.5] whereas the second value is for the easy

axis along [1̄10].
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3.2 Distortions of the Crystal Geometry
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Figure 3.1.: Equilibrium volume (V0), bulk modulus (B0), and its pressure derivative (B′
0) for

the 3d TMOs. The GGA+U (LDA+U) results are depicted with black (red) circles. Ranges of
experimental values are indicated by grey areas.

hence, below the Néel temperatures of the TMOs, most experiments that derive elastic

constants are conducted at room temperature and, thus, clearly above (MnO, FeO) or

close to the Néel temperature (CoO). The only exception is NiO with its Néel temperature

considerably above the room temperature. It has been shown in various experiments that

the elastic constants of the 3d TMOs vary strongly at the respective Néel temperatures

[119, 121, 124, 133]. For MnO [124] and NiO [133], B0 varies more than 10% with respect

to the respective high-temperature value at the antiferromagnetic transition. In contrast,

results for NiO suggest, that there is only a small difference of 3% between the high-

and low-temperature values of B0 far away from the antiferromagnetic transition [133].

Another problem arises for FeO, since stoichiometric samples are difficult to prepare and

often non-stoichiometric FexO samples with x < 1 or samples containing FeO together

with other compounds, most often Fe3O4, are used in experiments [30, 32]. It was shown

by Zhang [120] that B0 is drastically reduced by more than 15% if more than 2% of

defects (x < 0.98) are present in the sample.

3.2. Distortions of the Crystal Geometry

During the structural relaxation of the atomic positions the symmetry of the rs structure

is reduced. The space groups of the resulting structures are compiled in Tab. 3.1. For

MnO and NiO we obtain a rhombohedral distortion along the [111] direction with space

group R3̄m (D5
3d) within both LDA+U and GGA+U in full agreement with experimental

findings [22, 117, 118, 130] and other theoretical works [108, 134, 135]. However, Goodwin

et al. also reported a monoclinic distortion for MnO with space group C2 (C3
2), but

relate this distortion to the presence of a “frozen-in” phonon [28]. In the case of CoO
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3.2 Distortions of the Crystal Geometry

angle ∆β and the (pseudo-)orthorhombic distortions a′/a′ and b′/a′, respectively. The

angles ∆α and ∆β as well as the lattice constants a′, b′, and c′ are defined in Fig. 3.2.

The volume-conserving strain tensor ǫ̂ describes the geometric transformation from the

undistorted to the distorted simple-cubic lattice vectors a′
i = (1+ ǫ̂) ai, with i = 1, 2, 3. In

our calculations we obtain both rhombohedral and monoclinic distortions (see Tab. 3.1

and Fig. 3.2), which can be described in a unified manner in terms of a monoclinic

strain-tensor of the form

ǫ̂ =







− t
2

e
2
+ r r

e
2
+ r − t

2
r

r r t






(3.1)

where Tr(ǫ̂) = 0 ensures volume conservation. Three special cases emerge: (i) For e =

t = 0, ǫ̂ describes a rhombohedral distortion in [111] direction and the rhombohedral

distortion angle ∆α is given by ∆α ≈ −2r. (ii) In the case r = 0, the strain tensor ǫ̂

describes an orthorhombic distortion with the principal axes along x′ = [110], y′ = [1̄10],

z′ = z = [001]. The relative changes of the lattice constants along the principal axes

are then b′/a′ ≈ 1 − e and c′/a′ ≈ 1 + (3t − e)/2, with a′, b′, and c′ along the principal

axes. (iii) Finally, a purely tetragonal distortion along the [001] direction is obtained if

e = r = 0. The relative change of the lattice constant along the [001] direction is then

c/a = (c′/a′)e=0
≈ 1 + 3t/2.

The actual values of ∆α, ∆β, a′/a′, and b′/a′ are compiled in Tab. 3.1, whereas those

of r, e, and t are found in Tab. 3.2. It was shown earlier, that the distortions of the

rs geometry depend only weakly on the hydrostatic pressure [33]. We discuss now the

geometric distortions in dependence on the occupation of the minority-spin t2g shell.

The different symmetries of the distortions suggest to divide the TMOs in two different

groups: (i) MnO and NiO with a rhombohedral distortion and (ii) FeO and CoO where

monoclinic distortions are reported from experiments and where at least in GGA+U a

monoclinic distortion is obtained theoretically.

3.2.1. MnO and NiO

Since the e and t components of the monoclinic strain tensor (3.1) vanish exactly while

the r component has a finite value for both MnO and NiO, (3.1) reduces to a strain ten-

sor describing a rhombohedral distortion along the cubic [111] direction. The negative

sign indicates a contraction between the (111) planes together with a dilatation of the

distances in the (111) planes such that the volume is conserved. In MnO the the minority-

spin 3d shell and, hence, the minority-spin t2g sub-shell of the Mn2+ ions is completely
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3 Ground State Properties of the TMO Bulk

Table 3.2.: Components of the strain tensor ǫ̂ for the 3d TMOs computed in LDA+U and
GGA+U in units of 10−2.

MnO FeO CoO NiO

r
LDA+U −0.79 0.73 0.28/0.07∗ −0.14
GGA+U −0.63 0.14 0.11 −0.06

e
LDA+U – – −0.69/0.59∗ –
GGA+U – 2.53 1.51 –

t
LDA+U – – −0.44/0.58∗ –
GGA+U – 2.51 −1.10 –

∗ The first value is obtained for the easy axis along ≈ [1̄, 1̄, 1.5] whereas the second value is for the easy

axis along [1̄10].

empty whereas the minority-spin t2g sub-shell of the Ni2+ ions in NiO is completely filled.

Consequently, the occupations of the minority-spin 3d shell in both materials preserve

the octahedral symmetry of the rs structure. Therefore the rhombohedral contraction in

these materials must be related to the antiferromagnetic ordering AFM II and is gener-

ally interpreted as an exchange striction effect [136]. Pask et al. showed that the related

energy gain depends to first order on the nearest neighbor exchange coupling constant

as well as the square of spin-magnetic moment [134]. While the first-order perturbation

treatment of Pask et al. explains the rhombohedral contraction in MnO, it does not for

NiO. According to the nearest-neighbor exchange coupling constants in NiO calculated

by Oguchi et al. [137], the first-order interpretation of Pask et al. would lead to an rhom-

bohedral elongation rather than a contraction. The finding of Oguchi et al. [137] that the

second-nearest neighbor coupling in NiO is roughly two orders of magnitude larger than

the nearest neighbor coupling suggests that the small rhombohedral contraction present

in NiO is related to the interplay between an elongation as a first-order effect due to the

nearest-neighbor interaction and a contraction as a higher-order effect that involves the

second-nearest neighbor interaction.

The corresponding rhombohedral distortion angles ∆α calculated for both functionals

agree very well with experimental values [22, 117, 118] but also other theoretical works

employing the GGA+U approach and hybrid functionals [108] as well as the Hartree-

Fock approximation and, hence, neglecting correlation completely [135]. In contrast,

calculations within LDA or GGA overestimate the rhombohedral distortions significantly

by a factor of 2–3 [33, 60, 109, 134]. It must be noted here, however, that in contrast

to most of the other ground-state properties, ∆α is rather sensitive to the actual value
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3.2 Distortions of the Crystal Geometry

Figure 3.3.: Minority-spin densities of FeO and CoO in LDA+U and GGA+U

of U [60]. Therefore, the small difference between our LDA+U and GGA+U results

has to be interpreted with caution. Already a small increase of U within the LDA+U

approach would significantly decrease the rhombohedral distortion and, hence, lead to

results of the same accuracy as the GGA+U results. However, a fine-tuning of the U

parameter for certain properties and functional is not the aim of this thesis. The strong

dependence of the rhombohedral distortion on the U parameter explains also the strong

overestimation within LDA and GGA. As discussed in Section 2.2.3, LDA and GGA

provide only a poor description of the on-site Coulomb interaction for strongly localized

electrons, which among other effects manifests itself in the strong overestimation of the

rhombohedral distortion within LDA and GGA, i.e. for U=0.

3.2.2. FeO

For FeO, the LDA+U approach predicts a rhombohedral distortion whereas GGA+U

predicts a monoclinic one. Consequently, the components e and t of the strain tensor

(3.1) vanish in LDA+U. The positive sign of the remaining component r indicates a

rhombohedral elongation along the cubic [111] direction. The corresponding rhombohe-

dral distortion angle ∆α ≈ −0.83◦ is somewhat larger compared to the experimentally

observed values ranging from ∆α = −0.45◦ to ∆α = −0.56◦ [30, 122], but the deviation

is of the same order of magnitude as for the rhombohedral distortion angles predicted for

MnO and NiO. In GGA+U, none of the components of the strain tensor (3.1) vanishes.

However, the components e and t are an order of magnitude larger than r. Therefore, the

monoclinic distortion obtained in GGA+U is dominated by an orthorhombic one. The

unit cell is contracted along the cubic [11̄0] axis by 2.5% (GGA+U) or 2.3% (experiment

[32]) and elongated along the cubic [001] axis by 2.5% (GGA+U) or 0.9% (experiment

[32]). The resulting monoclinic distortion angle ∆β = −0.48◦ is only slightly smaller

than the experimental value ∆β = −0.62◦ found by Fjellvåg et al. [32]. Despite the good
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3 Ground State Properties of the TMO Bulk

agreement with the experiments of Fjellvåg et al. [32], it must be noted, that the sam-

ples used in their experiment were not pure FeO, but rather contained non-stoichiometric

FexO as well as Fe3O4 and Fe. These impurities might also induce some strain and, hence,

affect the geometric distortion.

At this point the question arises, what causes the different geometric distortions obtained

within LDA+U and GGA+U, respectively. Obviously, the qualitative differences of the

distortions must be associated with different ground states. Indeed, the different geomet-

ric distortions are related to the partial filling of the minority-spin t2g sub-shell of the Fe2+

ion in the octahedral crystal field of the ideal rocksalt geoemtry. More precisely, different

linear combinations of the t2g basis functions |xy〉, |yz〉, and |zx〉 are occupied for the

two functionals. The occupied t2g state obtained within LDA+U can be approximately

described by the linear combination |ΨFeO
LDA+U〉 ≈ 1

2
( 1√

3
[2|xy〉−|yz〉−|zx〉]− i[|yz〉−|zx〉])

(see Appendix B.1.2), whereas the one obtained within GGA+U can be approximately

described by |ΨFeO
GGA+U〉 ≈ −1√

2
(|yz〉− |zx〉) (see Appendix B.1.1). The deviation of the nu-

merical coefficients from the analytical ones is less than 1% for both cases. Consequently,

the different orbital ordering of the t2g states lead also to different minority-spin densities

in the vicinity of the Fe2+ ion. In Fig. 3.3 the (pseudo-)valence minority-spin densities

obtained within both functionals are plotted for FeO and CoO. Since only the 3d and

4s electrons of the TM atoms are treated as valence electrons in the PAW approach and

the 4s electrons are almost completely transferred from the TM2+ ions to the O2− ions,

the (pseudo-)valence minority-spin density in the vicinity of the TM2+ ions is mostly due

to the electrons in the partially filled minority-spin 3d shell or, more precisely, the t2g

sub-shell. While the minority-spin density obtained in LDA+U retains the rhombohedral

symmetry with the symmetry axis along [111] induced by the antiferromagnetic ordering

AFM II, the one obtained in GGA+U clearly breaks it. However, the spatial orientation

of minority-spin density calculated in GGA+U is such that its symmetry axes coincide

with the principal axes of the orthorhombic distortion described by the strain tensor (3.1)

for r = 0. Independent of the functional the system gains energy by reducing the sym-

metry of the ideal rocksalt geometry and, hence, lifting the energetic degeneracy between

the occupied and empty t2g states. This indicates a Jahn-Teller mechanism [33, 138]. The

different orbital ordering obtained for the two functionals leads to different Jahn-Teller

distortions of the crystal. Finally, it should be noted, that Hibma and Haverkort [139]

suggest a linear combination for the occupied t2g state different to the ones obtained

within LDA+U and GGA+U in this thesis but claim it to be related to a trigonal elon-

gation along [111], similar to our LDA+U result. However, in contrast to their claim, the

42



3.2 Distortions of the Crystal Geometry

state suggested by Hibma and Haverkort [139] clearly breaks the rhombohedral symmetry

induced by the antiferromagnetic ordering AFM II.

3.2.3. CoO

In the case of CoO, both functionals predict a monoclinic distortion in full agreement with

the available experimental data [22, 29, 31]. Nevertheless, qualitative and quantitative

differences are found. At first it must be noted, that within LDA+U two possible ground

states are obtained in our calculations, both of which are consistent with a monoclinic

distortion described by the strain tensor (3.1). The two solutions are characterized by

different orientations of the local magnetic moments of the Co2+ ions with respect to the

crystal axes and differ only by 70 µeV/f.u. in energy. While both solutions must be men-

tioned, the discussion is focused on the energetically more favorable one with an magnetic

easy axis along the [1̄1̄1.5] direction. Therefore, it will also be referred to as the LDA+U

solution for simplicity. Within LDA+U all three components of the strain tensor (3.1) are

of the same order of magnitude whereas in GGA+U the parameters characterizing the or-

thorhombic distortion are one order of magnitude larger compared to r characterizing the

rhombohedral one. The positive sign of r indicates a small rhombohedral elongation along

[111] which is superposed by an orthorhombic distortion. The latter is characterized by

a contraction of 0.3% (LDA+U), 2.4% (GGA+U) or 1.2% (experiment [31]) along [001]

(c′/a′ < 1) and a small elongation by 0.7% (LDA+U) (b′/a′ > 1) or contraction by 1.5%

(GGA+U) or 0.1% (experiment [31]) along [1̄10] (b′/a′ < 1). The resulting monoclinic

distortion angles ∆β = −0.46◦ (LDA+U), ∆β = −0.80◦ (GGA+U), and ∆β = −0.30◦

(experiment [31]) agree qualitatively and quantitatively very well among the two func-

tionals and with the experimental results of Jauch et al. [31]. While the GGA+U result

agrees qualitatively better with the experimental findings of Jauch et al. [31] it clearly

overestimates the magnitude of this distortions. In summary, both functionals obtain

qualitatively and quantitatively reasonable results, but similar to the FeO case neither

approach is superior to describe all aspects of the geometric distortions in CoO.

Also for CoO, the slightly different lattice distortions can be associated with Jahn-Teller

distortions due to different orbital ordering in the minority-spin t2g sub-shell. In contrast

to FeO, in two t2g states of the Co2+ ion are filled with electrons, which in LDA+U may

be described approximately by |ΨCoO,1
LDA+U〉 ≈ 1

2
( 1√

3
[2|xy〉 + |yz〉 + |zx〉] − i[−|yz〉 + |zx〉])

and |ΨCoO,2
LDA+U〉 ≈ 1√

3
(−|xy〉 + |yz〉 + |zx〉) (see Appendix B.2.2). The state |ΨCoO,1

LDA+U〉 in

the analytical model corresponds to a state with an orbital moment along [1̄1̄1], which

deviates slightly from the numerically obtained [1̄1̄1.5] direction. Consequently, also the
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Figure 3.4.: Total (µJ), spin (µS), and orbital (µL) magnetic moments of the TM2+ ions in
the 3d TMOs. The GGA+U (LDA+U) results are depicted with black (red) circles. Ranges of
experimental results are indicated by grey areas.

average deviation between the numerical coefficients and the ones from the analytical

approximation is around 17%. In GGA+U the occupied states can be approximately de-

scribed by |ΨCoO,1
GGA+U〉 ≈ 1√

2
(|yz〉+ |zx〉) and |ΨCoO,2

GGA+U〉 ≈ |xy〉 (see Appendix B.2.1). The

average deviation between the analytical and numerical coefficients is here less than 6%.

Fig. 3.3 shows the (pseudo-)valence minority-spin density in the vicinity of the Co2+ ion

related to the different orbital ordering of the t2g sub-shell calculated for both functionals.

Within neither LDA+U nor GGA+U it is consistent with the rhombohedral symmetry

induced by the antiferromagnetic ordering AFM II. However, in GGA+U the symmetry

axes of the minortiy-spin density coincide with the principal axes of the orthorhombic

distortion described by the strain tensor (3.1) for r = 0 (see Fig. 3.3). The minority-spin

density obtained within LDA+U is neither consistent with the rhombohedral symmetry

induced by the antiferromagnetic ordering AFM II nor with an orthorhombic one with

principal axes along [001], [110], and [1̄10]. This finding is consistent with the observation

that all components of the strain tensor (3.1) are of the same order of magnitude.

3.3. Magnetic Moments and Magnetic Anisotropy

It was mentioned in Section 3.2.3, that for CoO two energetically almost degenerate

solutions are obtained within LDA+U that, besides leading to slightly different lattice

distortions, differ only by the orientation of the local magnetic moments of the Co2+ ions

with respect to the cubic axes. In fact, the increasing filling of the t2g sub-shell along

the series MnO, FeO, CoO, and NiO as well as the different orbital orderings of the t2g

sub-shell discussed in Section 3.2 have significant influence on the magnetic properties
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3.3 Magnetic Moments and Magnetic Anisotropy

Table 3.3.: Total (µJ), spin (µS), and orbital (µL) magnetic moments of the TM2+ ions in
the 3d TMOs as well as the corresponding easy axes [hkl] or easy planes (hkl) (eS) calculated
within LDA+U and GGA+U and compared with experimental data.

MnO FeO CoO NiO

µJ (µB)
LDA+U 4.53 4.34 3.69 1.71
GGA+U 4.60 3.81 2.93 1.79
Exp. 4.58117 4.0. . . 4.630,32 3.8. . . 3.9822,29,31 1.9. . . 2.2117,140,141

µS (µB)
LDA+U 4.53 3.62 2.59 1.53
GGA+U 4.60 3.69 2.68 1.62
Exp. – – – 1.9140

µL (µB)
LDA+U 0.00 0.72 1.11 0.19
GGA+U 0.00 0.12 0.25 0.17
Exp. – – – 0.31140

µL/µS

LDA+U 0.00 0.17 0.43 0.11
GGA+U 0.00 0.03 0.09 0.09
Exp. 0.00142 – 0.48142 0.17140–142

eS

LDA+U – [111] ≈ [1̄, 1̄, 1.5]/[1̄10] –
GGA+U – ≈ [110] ≈ [1̄, 1̄, 7.2] [1̄10]
MDI (111) (111) (111) (111)
Exp. (111)22 [111]30 ≈ [1̄, 1̄, 1.6]142 (111)22,143

≈ [1.0, 1.8, 1.4]32 ≈ [1̄, 1̄, 1.7]27 [1̄10]144

≈ [1̄, 1̄, 2.1]27 ≈ [1̄1̄2]26

≈ [1̄, 1̄, 2.8]29

≈ [1̄, 1̄, 3.9]31

≈ [1̄, 1̄, 7.1]22

of the 3d TMOs. This is especially the case for FeO and CoO with a partially filled t2g

sub-shell. In Tab. 3.3, the magnitudes of the total (µJ), spin (µS), and orbital magnetic

moment (µL), the ratio µS/µL, together with the easy axes of the magnetic moments eS
obtained from the LDA+U and GGA+U calculations are compiled and compared with

available experimental data. Further, µJ , µS, and µL are also shown in Fig. 3.4 in order

to demonstrate physical trends along the series of the TMOs.

3.3.1. General Trends

In Fig. 3.4 it can be seen that for both functionals the magnitude of the total magnetic

moment µJ decreases along the series of TMOs and, hence, with successive filling of the
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t2g sub-shell. However, the decrease of µJ is not linear. A more detailed analysis of the

spin- (µS) and orbital-magnetic contributions (µL) to µJ reveals the origin the non-linear

decrease of µJ along the series.

Independent on the functional used, µS decreases approximately linearly with the filling

of the t2g sub-shell. The actual values µS ≈ 4.53/4.60 µB (LDA+U/GGA+U) for MnO,

µS ≈ 3.62/3.69 µB (LDA+U/GGA+U) for FeO, µS ≈ 2.59/2.68 µB (LDA+U/GGA+U)

for CoO, and µS ≈ 1.53/1.62 µB (LDA+U/GGA+U) for NiO agree almost perfectly

between the two functionals. Further, the agreement of µS with values obtained in

previous ab-initio calculations employing various functionals for MnO [60, 108, 109, 135,

137, 145–151], FeO [109, 145–147, 150–152], CoO [107, 145–148, 150–154], and NiO

[109, 135, 137, 145–147, 149–152] is very good aside from minor differences, such as the

tendency of LDA and GGA to underestimate µS compared to the LDA+U or GGA+U

results. According to Hund’s first rule, the spin-magnetic moment of an atom or ion with

a partially filled shell should be maximized [155]. Since the 3d shell of the TM2+ ions

considered here is more than half-filled, the spin-magnetic magnetic moment of the TM2+

ion results from the difference between the occupied majority- and minority-spin 3d states

and, hence, must decrease with the number of empty minority-spin 3d states along the

series starting with 5 for MnO and ending with 2 for NiO. The small underestimation of

µS compared to the corresponding integer value according to Hund’s first rule is due to

the fact, that Hund’s rules are derived from hydrogen-like states of free atoms and, thus,

do not take into account effects such as electron correlation, delocalization of electrons

in a crystal or the presence of a crystal field that reduces the spherical symmetry of the

free atom.

If the focus is directed to the orbital-magnetic contribution µL the situation becomes

more complex and, indeed, the origin of the non-linear behavior of µJ is found here.

For MnO µL vanishes completely whereas for NiO it takes on only very small values

within both functionals. For FeO and CoO, substantial differences are observed within

the two functionals with almost vanishing orbital magnetization obtained in GGA+U on

one side and a rather large orbital magnetization calculated in LDA+U on the other side.

Therefore, the further discussion of the magnetic moments together with the consequences

for the magnetic anisotropy of the 3d TMOs will again be divided in two parts. At first

the results for MnO and NiO are presented and discussed followed by the ones for FeO

and CoO.
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3.3.2. MnO and NiO

The total magnetic moment µJ of the TM2+ ions stems mostly (NiO) or completely

(MnO) from the spin-magnetic contribution µS. Despite the similarities of MnO and

NiO, the origin of the (almost) vanishing orbital-magnetization is different. For MnO

the majority-spin states of the 3d shell of the Mn2+ ion are completely filled whereas

the minority-spin states are completely empty according to Hund’s first rule and, hence,

the orbital magnetization must vanish identically. Therefore, the only contribution to

the total magnetic moment is due to µS. Indeed, the numerical values µJ = µS ≈
4.53/4.60 µB (LDA+U/GGA+U) agree perfectly with the experimental one µJ ≈ 4.58 µB

[117] as well as values obtained in other theoretical works [60, 108, 109, 135, 137, 145–

151].

For NiO, however, the 3d shell of the Ni2+ ion is only partially filled and, hence, the or-

bital magnetic moment should be maximized according to Hund’s second rule [155]. Yet,

it takes on only a very small value of µL ≈ 0.19/0.17 µB (LDA+U/GGA+U) which agrees

well with the value determined experimentally by Fernandez et al.[140]. Neubeck et al.

[141, 142] determined only the ratio µL/µS, but also here the agreement between the

experimental value µL/µS ≈ 0.17 and our value µL/µS ≈ 0.11/0.09 (LDA+U/GGA+U)

is very good. Consequently, also the resulting total magnetic moment µJ ≈ 1.71/1.79 µB

(LDA+U/GGA+U) agrees very well with the experimentally obtained values in the range

µJ ≈ 1.9 . . . 2.2 µB [117, 140, 141] even though it is slightly underestimated in our calcu-

lations. Most other theoretical works neglect the presence of the small orbital magnetiza-

tion completely and consider the spin magnetization alone [108, 109, 135, 137, 146, 147,

149–151]. Only Norman [152] and Svane and Gunnarsson [145] calculated also the orbital

contribution to the total magnetic moments. Their values for µL obtained within LDA

[152] or SIC-LDA [145] agree well with our results. However, since LDA underestimates

µS strongly, only the total magnetic moments µJ calculated within SIC-LDA by Svane

and Gunnarsson [145] agree accurately with our results. The origin of the almost vanish-

ing orbital-magnetic moment in NiO is found in the energy splitting of the 3d states into

eg and t2g states due to the octahedral crystal field generated by the negatively charged

O2− ions. Since the construction of single-electron states with orbital magnetic moments

of µL = ±2 µB requires the mixing of eg and t2g states these states are energetically less

favorable compared to single-electron states that are constructed from t2g states alone.

Hence, such single-electron states with µL = ±2 µB are largely quenched by the crystal

field. Nevertheless, it is possible to construct single-electron states with µL = ±1 µB and

µL = 0 µB (see e.g. Appendix B) that involve t2g states alone. However, in NiO the t2g

sub-shell is completely filled and, therefore, the total orbital magnetization must vanish.
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That a small orbital magnetization remains is due to the fact, that the energy-splitting

between the eg and t2g states is finite and of the order of 1 eV. Consequently, the admix-

ture of eg states is not completely forbidden and may be somewhat stabilized due to the

spin-orbit coupling, but the actual fraction is very small.

So far only the magnitude of the total magnetic moment µJ and its various contributions

were discussed and it was said, that the magnetic moments of the TM2+ ions are antifer-

romagnetically aligned. We will now investigate the orientation of the magnetic moments

of the TM2+ ions with respect to the cubic crystal axes. In Tab. 3.3 the easy axes eS of

the 3d TMOs calculated within LDA+U and GGA+U are compiled and compared with

available experimental data. However, in the VASP code only spin-orbit coupling is taken

into account, whereas the magnetic interaction among the moving electrons described by

the Breit interaction is not considered. Therefore, the effect of the Breit interaction on

the magnetic anisotropy and, hence, the magnetic easy axis is calculated in the approxi-

mation of the magnetic dipole interaction (MDI) according to (2.53). The corresponding

results are also given in Tab. 3.3.

For MnO, no easy axis can be determined from the self-consistent LDA+U or GGA+U

calculations, since the energy does not vary with the orientation of the local magnetic

moments of the Mn2+ ions. This finding is easily understood. Since the orbital magneti-

zation vanishes due to the exactly half-filled 3d shell, also the contribution of spin-orbit

coupling to the total energy must vanish. Nevertheless, the antiferromagnetic ordering

AFM II of the local magnetic moments gives rise to a magnetic anisotropy via the Breit

interaction. The magnetic dipole interaction of the local magnetic moments results in an

easy (111) plane which agrees exactly with the experimental finding [22, 28]. While the

magnetic anisotropy energy due to the Breit interaction is only in the order of 300 µeV,

it is the only contribution to the magnetic anisotropy in MnO and, hence, determines the

magnetic orientation [33].

Despite the presence of a small orbital magnetization µL in NiO, the magnetic anisotropy

due to spin-orbit coupling vanishes completely (LDA+U) or almost completely (GGA+U)

with an energy difference between the highest energy for the moments along [111] and

the lowest energy for the moments along [1̄10] of only 15 µeV [33]. The largest energy

difference in the (111) plane is only 3 µeV and, hence, the in-plane anisotropy is almost

vanishing [33] . The tiny or vanishing effect of SOC on the magnetic anisotropy may be

due to the fact, that independent of the spatial orientation of the magnetic moments the

almost same fraction of eg states is mixed with the t2g ones. As for MnO, the magnetic

ordering AFM II and the Breit interaction give rise to a magnetic anisotropy with an easy

(111) plane. However, due to the small total magnetic moments in NiO, the magnetic
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3.3 Magnetic Moments and Magnetic Anisotropy

anisotropy energy in NiO is only in the order of 50 µeV [33]. Despite the small value of

the magnetic anisotropy energy, we find, that the Breit interaction is the driving force for

the magnetic anisotropy in NiO. Experimental results agree on magnetic moments lying

in the (111) plane [22, 25–28, 144]. Some authors also report easy directions along [1̄1̄2]

[26] or [1̄10] [144], both of which lying in the (111) plane. Indeed, the [1̄10] direction

proposed by Roth and Slack [144] agrees with our GGA+U result.

3.3.3. FeO and CoO

For FeO and CoO, the situation is more intricate. Within GGA+U the orbital magneti-

zation is largely quenched (µL ≈ 0.11 µB for FeO and µL ≈ 0.25 µB for CoO), whereas in

LDA+U a significantly larger orbital magnetization is obtained (µL ≈ 0.72 µB for FeO

and µL ≈ 1.11 µB for CoO). In Section 3.2.2 and 3.2.3, the occupied minority-spin t2g

states obtained in LDA+U or GGA+U have been investigated by means of a simplified

analytical model (see also Appendix B) and the corresponding linear combinations of

the t2g basis functions |xy〉, |zx〉, and |yz〉 explicitly given. In Appendix B it is further

proven that the linear combinations that describe the LDA+U minority-spin densities

best carry an orbital-magnetic moment of 1 µB. Since the linear combinations that de-

scribe the GGA+U minority-spin densities best are real-valued linear combinations of

the t2g basis functions, their orbital-magnetic moment must vanish. Therefore, a close

relationship between the symmetry and strength of the lattice distortions on one side and

the magnitude and orientation of the orbital magnetic moments on the other side exists.

For FeO, the orbital-magnetic moment µL ≈ 0.72/0.11 µB (LDA+U/GGA+U) and the

spin-magnetic moment µS ≈ 3.62/3.69 µB (LDA+U/GGA+U) lead to a total magnetic

moment µJ ≈ 4.34/3.81 µB (LDA+U/GGA+U) of the Fe2+ ions. While the total mag-

netic moment obtained in LDA+U lies well in the range µJ ≈ 4.0 . . . 4.6 µB of available

experimental data for (nearly) stoichiometric FeO obtained by Fjellvåg et al. [30, 32], the

one calculated using the GGA+U approach clearly underestimates them by 0.2 . . . 0.6 µB

(see Tab. 3.3 and Fig. 3.4). In the literature also smaller values µJ ≈ 3.2 . . . 3.3 µB are

reported for non-stoichiometric FexO with x < 1 [22, 30], which, however, Fjellvåg et al.

[30] relate to the different defect structure compared to stoichiometric FeO. Even though

several studies are available that investigate FeO and CoO by ab-initio methods [107, 109,

145–148, 150–154], only in the minority of them values for µL are calculated [107, 145,

150, 152, 153]. The orbital-magnetic moment of the Fe2+ ions in FeO µL ≈ 0.12 µB calcu-

lated by Norman [152] within the LDA approach including SOC effects is comparable to

our result within GGA+U but significantly smaller than our value obtained in LDA+U
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and also the available experimental data. In contrast to these findings, the SIC-LDA

calculations of Svane and Gunnarsson [145] yield total magnetic moments µJ ≈ 4.55 µB

in very good agreement with our LDA+U results. However, in both cases the calculations

were not completely self-consistent, since only the z component of the orbital-magnetic

moment was determined and the expression ŝ · l̂ was approximated by ŝz l̂z. Nevertheless,

in the more recent study of Tran et al. [150] the finding of Norman that the orbital

magnetization is quenched in LDA is confirmed and it is shown that the same holds

true for GGA. This quenching of the orbital magnetization in LDA and GGA might be

due to the fact, that both functionals treat the on-site Coulomb interaction not prop-

erly and, hence, lead to a metallic ground state instead of an insulating one. The values

µL ≈ 0.61 . . . 0.75 µB for FeO obtained by Tran et al. [150] within LDA+U (Ueff=5.91 eV)

and various hybrid functionals agree well with our LDA+U value µL ≈ 0.72 µB. It is

noteworthy, that in our test calculations employing the HSE03 hybrid functional which

is rather similar to the PBE0 functional used by Tran et al., the orbital magnetization

was largely quenched and in the same order of magnitude of our GGA+U results. Two

reasons for the deviating results obtained by Tran et al. can be identified: (i) They do

not state which starting point was used in their calculations. In order to keep the nu-

merical effort manageable, commonly preconverged wavefunctions are used as a starting

point for self-consistent calculations employing hybrid functionals. If the self-consistent

wavefunctions obtained in LDA+U are used as a starting point, the calculation using hy-

brid functionals might find a ’local’ minimum close to the LDA+U solution even though

an energetically more favorable ’global’ minimum might exist. (ii) The notation used

by Tran et al. [150] is misleading, since they do not implement the hybrid functionals

according to their original definition. In the original definition of the hybrid functionals

named by Tran et al. some of the (semi-)local exchange EDFT
X is replaced by ’Hartree-

Fock’ exchange energy EHF
X according to the scheme Ehyb

X = EDFT
X + α(EHF

X − EDFT
X ).

Tran et al. [150] apply this scheme, however, only to electrons with a certain angu-

lar moment l within the atomic spheres and, hence, their functionals take on the form

Ehyb
X [n] = EDFT

X [n]+α(EHF
X [{Ψsel}]−EDFT

X [nsel]), where n is the total electron density and

{Ψsel} denotes a selected subset of all single-electron states and nsel the corresponding

partial electron density. Consequently, despite the notation, Tran et al. [150] implement

a completely new set of functionals that is not directly comparable with the hybrid func-

tionals they lend the names from. The form of the functionals implemented by Tran et

al. [150] has, however, certain similarities with the DFT+U and the SIC approaches (see

Appendix A), which might also explain the good agreement with our LDA+U results.
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The results for CoO are similar to those found for FeO. The total magnetic moment

µJ ≈ 3.69/2.93 µB (LDA+U/GGA+U) of the Co2+ ions is composed of a spin-magnetic

contribution µS ≈ 2.59/2.68 µB (LDA+U/GGA+U) and an orbital-magnetic contribu-

tion µL ≈ 1.11/0.25 µB (LDA+U/GGA+U). While the total magnetic moment obtained

in LDA+U underestimates the experimental values in the range µJ ≈ 3.8 . . . 3.98 µB

[22, 29, 31] only slightly by 0.1 . . . 0.3 µB, the one calculated in GGA+U deviates by

0.9 . . . 1.1 µB and, hence, significantly stronger (see Tab. 3.3 and Fig. 3.4). Also the ratio

µL/µS ≈ 0.48 determined by Neubeck et al. [141, 142] from non-resonant magnetic X-

ray scattering measurements agrees very well with our value µL/µS ≈ 0.43 obtained from

LDA+U whereas it completely disagrees with µL/µS ≈ 0.09 found within the GGA+U

approach. Comparing with available data from ab-initio calculations, the same trends

observed for FeO are also found for CoO. In LDA and GGA the orbital- and, con-

sequently, the total magnetic moments are quenched compared to our values obtained

within LDA+U and the experimental data [107, 145, 150, 152, 153]. Also for CoO, the to-

tal magnetic moment µJ ≈ 3.72 µB calculated by Svane and Gunnarsson [145] within SIC-

LDA agrees very well with our LDA+U result µJ ≈ 3.69 µB. However, the calculations of

Tran et al. [150] yield a broad range of orbital-magnetic moments µL ≈ 0.59 . . . 2.10 µB

and, hence, also a broad range of total magnetic moments µJ ≈ 3.23 . . . 4.87 µB for the

various hybrid functionals employed. In contrast to our LDA+U results µL ≈ 1.11 µB

and µJ ≈ 3.69 µB, the values µL ≈ 0.79 µB and µJ ≈ 3.48 µB obtained by Tran et al.

[150] within LDA+U are somewhat smaller.

We turn now to the orientation of the magnetic moments with respect to the crystal axes

and the magnetic anisotropy. For FeO, we obtain an easy axis along [110] within GGA+U

and along [111] within LDA+U due to the spin-orbit coupling. For both, GGA+U and

LDA+U the magnetic anisotropy energies due to SOC are significantly larger compared

to the ones due to the Breit interaction described in the approximation of the mag-

netic dipole interaction [33] and, hence, SOC determines the easy axis in these materials

whereas the transversal electron interaction gives only a small correction. Comparing

with available experimental data, the [111] direction obtained for FeO within LDA+U

agrees perfectly with the [111] and [1.0, 1.8, 1.4] directions observed by Fjellvåg et al. [30,

32]. Similar to FeO, we obtain two different orientations of the local magnetic moments

along [1̄, 1̄, 1.5] within LDA+U and [1̄, 1̄, 1.72] within GGA+U. For CoO, various orien-

tations of the local magnetic moments have been determined experimentally [22, 26, 27,

29, 31, 142]. All of them lie in the (11̄0) plane which is also the case for our results

obtained within LDA+U and GGA+U. Except for the direction [1̄, 1̄, 7.1] determined by

Roth [22], the other orientations in the range between [1̄, 1̄, 1.6] and [1̄, 1̄, 3.9] [26, 27, 29,
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31, 142] are located in a range ±8.5◦ around the (111) plane, i.e. the plane perpendicular

to the unique axis of the antiferromagnetic ordering AFM II. The orientation [1̄, 1̄, 1.6]

observed by Neubeck et al. agrees best with the one calculated in LDA+U, whereas the

[1̄, 1̄, 7.1] observed by Roth [22] agrees best with our GGA+U results. In addition to the

energetically most favorable [1̄, 1̄, 1.5] direction, also a second axis along [1̄10] is found in

LDA+U, that is only 70 µeV/f.u. higher in energy. Since each of the [1̄, 1̄, 1.5] direction

and the [1̄10] direction is threefold degenerate and both directions are close to or in the

(111) plane, one might interpret this finding also as a somewhat ’wobbled easy plane’

with a small in-plane anisotropy. No theoretical works employing ab-initio methods are

available where the orientation of the local magnetic moments has been studied for FeO

and CoO.

3.4. Influence of Exchange and Correlation

In the previous sections it was shown, that LDA+U and GGA+U lead to very accu-

rate and similar results for MnO and NiO whereas the results for FeO and CoO depend

strongly on the employed functional. Further, it was shown that the different results

obtained for FeO and CoO are directly related to the different orbital ordering of the

electrons in the minority-spin t2g subshell (see Fig. 3.3). In the present section the influ-

ence of the gradient corrections inherent in the GGA functional on the orbital magnetiza-

tion is studied in order to explain the quenching of the orbital magnetization within the

GGA+U approach compared to the LDA+U values and the experimental observation.

The details of this study have been published earlier [116]. In order to preserve clarity

and due to the very similar results for FeO and CoO, the discussion is restricted to the

FeO case. The crystal geometry is constrained to the ideal rock-salt geometry and the

volume is fixed to the equilibrium volume obtained within the GGA+U approach. This

is done in order to (i) avoid that the symmetry of the system is constrained to a certain

broken symmetry already from the beginning of the total energy minimization and (ii)

avoid the lowering of the total energy due to magnetocrystalline distortions.

Further, we introduce a shorter notation, where we label the ground-state spin-density

matrix obtained in LDA+U as the high orbital-momentum state H, whereas the ground-

state spin-density matrix obtained in GGA+U is labeled the low orbital-momentum state

L. According to (2.27) it holds

∆EGGA+U[L,H] = EGGA+U[L]− EGGA+U[H] < 0 (3.2)

∆ELDA+U[L,H] = ELDA+U[H]− ELDA+U[L] < 0. (3.3)
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Adding (3.2) and (3.3) and taking into account (2.50) and (2.32) it holds

∆E[L,H] = ∆EXC[L]−∆EXC[H] < 0. (3.4)

with ∆EXC = EGGA
XC −ELDA

XC . In other words, in order to invert the energetic ordering of

L and H between LDA+U and GGA+U, L must gain more energy compared to H due

to the gradient corrections inherent in GGA.

For sixfold coordinated Fe2+ ions in a high-spin state, the typical ionic radius is 1.47 aB

[156]. Since almost the whole electron density of the ion, including the 3d electrons, is

contained within this radius, the electron density n is very large. Therefore, instead of the

electron density n or the spin densities nσ, the corresponding local Wigner-Seitz radii rS or

rσS according to (2.41) will be used as the basic variables. The self-consistent calculations

show, that within a radius of 1.5 µB the radial variation of rS is very similar for both

approaches with a magnitude of rS < 1 aB. Consequently, the exchange contribution

ǫX(rS) to the XC energy per particle ǫXC(rS) = ǫX(rS) + ǫC(rS) is roughly one order of

magnitude larger compared to the contribution due to correlation ǫC(rS) (see Fig. 2.1).

Since the main contribution to EXC in the vicinity of the atomic nuclei is due to EX, we

will only focus on the influence of the gradient corrections on the exchange energy and

instead of (3.4) it holds

∆E[L,H] = ∆EX[L]−∆EX[H] < 0 with (3.5)

∆EX = EGGA
X − ELDA

X (3.6)

=
e2π

8a4B

(

9

4π2

) 4

3 ∑

σ

∫

d3r
FX[s̃

σ(r)]− 1

(r̃σS(r))
4

(3.7)

according to (2.42), (2.46),(2.48), (2.49), (2.41), and (2.47). The appearance of 2nσ

in (2.42) suggests to introduce effective quantities ñσ = 2nσ, r̃σS = 2−1/3rσS (according

to (2.41)), and s̃σ = 2−1/3sσ (according to (2.47)). Clearly, (3.7) allows to study the

contribution of the majority- and minority-spin channels to the relative gain in exchange

energy (3.5) separately.

In order to investigate the relative change in exchange energy (3.5) more explicitly, a

hydrogen-like model is employed [116].1 In a first step, the quantities r̃σS , s̃σ, and FX[s̃
σ]−1

are investigated for both states L and H. However, due to the strong angular variation

1This is done for two reasons: (i) In the VASP code only the electron density n can be calculated
but not the spin densities nσ, and (ii) all spatially dependent properties are calculated on a regular
grid with the basis given by the basis vectors of the crystal, whereas the representation in spherical
coordinates with the origin at the nucleus of the Fe2+ ion would be more appropriate.
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Figure 3.5.: Left: Spherical averages of the effective local Wigner-Seitz radius 〈r̃σS〉, the effective
density gradient s̃σ, and the exchange enhancement factor FX[s̃

σ] for the majority (minority)
spin density n↑ (n↓) of the high (low) orbital-momentum state H (L).
Right: Gain in exchange energy due to the gradient corrections for L compared to H. The grey
area indicates the region where the 3d electrons are located.

od these quantities, we restrict the discussion to the spherical averages 〈r̃σS〉, 〈s̃σ〉, and

〈FX[s̃
σ] − 1〉. In a second step, the relative change in the exchange energy due to the

gradient corrections (3.5) is calculated.

In Fig. 3.5, the radial variation of the spherical averages 〈r̃σS〉, 〈s̃σ〉, and 〈FX[s̃
σ]−1〉 of an

Fe2+ ion are plotted. For distances less than approximately 0.25 aB from the nucleus, no

differences are observed for the different spin channels. In this region mainly the electrons

of the first and second electron shells are located, but there is also some contribution from

the 3s and 3p states due to the nodal structure of their wavefunctions. However, since

both spin channels of these states are completely filled, no differences exist. In contrast,

large differences between the majority-spin channel n↑ and the minority-spin channel n↓

exist for distances larger than 0.25 aB from the nucleus. While the third electron shell

is completely filled with 9 electrons (one 3s, three 3p, and five 3d) in the majority-spin

channel, its minority-spin channel is only occupied with five electrons (one 3s, three

3p, and one 3d). Consequently, n↑ is larger than n↓ and, hence, 〈r̃↑S〉 smaller than 〈r̃↓S〉,
respectively. The partial occupation of the minority-spin 3d states is also accompanied by

a stronger decay of the minority-spin density compared to the majority-spin density in the

distance between 0.25 aB to 0.5 aB from the nucleus and, hence, a larger density gradient
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〈s̃↑〉 is observed compared to 〈s̃↓〉. This leads in turn to a larger exchange enhancement

〈FX[s̃
σ]− 1〉 due to the gradient corrections as large as 25% for the minority-spin states

compared to the majority-spin states with an exchange enhancement less than 10% in

the region between 0.25 aB to 0.5 aB from the nucleus. The region above 0.75 aB from

the nucleus is mainly determined by the exponential tail of the spin densities and 〈r̃↑S〉
and 〈r̃↓S〉 differ approximately by a constant. Consequently, the also difference between

〈s̃↑〉 and 〈s̃↓〉 and the related exchange enhancement 〈FX[s̃
σ]− 1〉 becomes small.

Compared to the general differences between the majority- and minority-spin channel

discussed hitherto, the differences between L and H are smaller. For the completely

filled majority-spin channel no differences between L and H are observed at all. For

the partially occupied minority-spin channel, however, small differences are present for

intermediate distances between 0.25 aB to 0.75 aB from the nucleus. The Wigner-Seitz

radius 〈r̃↓S〉 of the minority-spin electrons in the state L is only slightly larger than for the

electrons in the state H. This is due to the fact that for both states L and H one electron

occupies a minority-spin 3d state and, therefore, the spherically averaged probability to

find it at a distance r from the nucleus should be the same. In contrast, the differences

for 〈s̃↓〉 and 〈FX[s̃
↓] − 1〉 are somewhat larger. Due to the stronger angular variation of

the minority-spin density related to the occupied minority-spin 3d state of L compared

H (see Fig. 3.3), also 〈s̃↓〉 and, hence, 〈FX[s̃
↓]− 1〉 are somewhat larger for L compared

to H. This indicates that there is a stronger lowering of the exchange energy (3.5) due to

the gradient corrections for intermediate distances between 0.25 aB to 0.75 aB from the

nucleus. Indeed, the actual calculation of the spin-resolved contributions to the relative

change in the exchange energy ∆Eσ
X[L,H] plotted in Fig. 3.5 confirms the conclusions

derived from the radial variation of 〈r̃σS〉, 〈s̃σ〉, and 〈FX[s̃
σ]−1〉. The action of the gradient

corrections is almost the same for L and H in the completely filled majority-spin channel

and, hence, the relative change ∆E↑
X[L,H] vanishes almost completely. In contrast to

this finding, a strong radial variation is observed for ∆E↓
X[L,H], especially in the range

between 0.25 aB to 0.75 aB from the nucleus, where the minority-spin 3d electrons are

located. The integration over all distances up to 1 aB from the nucleus yields a (spin-

averaged) relative change in exchange energy ∆EX[L,H] ≈ −53 meV per Fe2+ ion. This

means that the stronger exchange enhancement due to the gradient corrections present

for L leads to the stabilization of the low orbital momentum state L compared to the

high orbital momentum state H. In contrast to this, also counteracting contributions to

the total energy are present that stabilize the high orbital momentum state H and are

reduced for the low orbital momentum state L such as the spin-orbit interaction. The

difference in the spin-orbit coupling energies obtained from the self-consistent LDA+U
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and GGA+U calculations is 16 meV per Fe2+ ion in favor of H. However, the calculated

energy difference ∆EX[L,H] ≈ −53 meV per Fe2+ ion can cope with and even overcome

the effect of the spin-orbit interaction. Consequently, the inclusion of gradient corrections

favors inhomogeneous spin densities in the vicinity of the TM2+ nuclei and, thus, leads

to a quenching of the orbital magnetization.

The consequences of the different action of GGA and LDA for the distribution of the

minority-spin density have also been observed by Dufek et al. [147] for the Co2+ ions

in CoO. However, they investigated only the effect of the gradient corrections on the

electronic structure whereas the implications for the orbital magnetization or the physical

origin where not considered in their study.

3.5. Consequences for the Further Studies

While many ground-state properties such as the lattice constants, the bulk moduli or

the geometric distortions of the ideal rocksalt structure are reasonably well described

by LDA+U and GGA+U, the magnitude of the orbital magnetic moment of the Fe2+

and Co2+ ions is significantly quenched in GGA+U compared to the LDA+U results as

well as experimental observations due to the gradient corrections inherent in the GGA

functional. Therefore, in the further course of this thesis the calculations are performed

employing the LDA+U approach.
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4. Electronic Structure and Optical

Properties of the TMO Bulk

In this chapter, we investigate the effect of the antiferromagnetic ordering AFM II and

the orbital ordering of the minority-spin t2g shell on the electronic band structure of

the 3d TMOs (Section 4.1) and their optical properties, especially the optical anisotropy

(Section 4.2). Our findings for FeO presented in Section 4.3 suggest a novel approach to

determine the easy axis of magnetically ordered systems by means of optical anisotropy

measurements.

The calculations are performed within the LDA+U approximation. In order to separate

the effects of the antiferromagnetic ordering AFM II and the orbital ordering of the suc-

cessively filled t2g shell from ones related to the distortions of the lattice geometry, the

lattice geometry is constrained to the ideal rs structure. Considering the antiferromag-

netic ordering AFM II, the crystal is described by a rhombohedral unit cell with the

corresponding Brillouin zone (BZ) depicted in Fig. 4.1.

4.1. Electronic Band Structure

In Fig. 4.2, the electronic band structure is plotted for the 3d TMOs together with the

total density of states (DOS) and the projected DOS (PDOS) with projections on the eg

and t2g states of one TM2+ ion. The corresponding high-symmetry lines in the BZ are

depicted in Fig. 4.1. For MnO, FeO, and NiO, the orbital ordering of the occupied t2g

states conserves the rhombohedral symmetry (see Section 3.2). Therefore, the red and

green high-symmetry lines depicted in Fig. 4.1 are equivalent and only one set is depicted

in black in Fig. 4.2. For CoO, however, the orbital ordering breaks the rhombohedral

symmetry and, thus, reduces the symmetry of the charge and magnetization density to

a monoclinic one. Consequently, the degeneracy between the three high-symmetry lines

depicted in Fig. 4.1 is lifted. Since the (11̄0) plane is a mirror plane of the monoclinic

symmetry, one non-degenerate path (green) and two degenerate paths (red) are obtained.
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Figure 4.1.: Brillouin Zone of the rhombohedral unit cell of the 3d TMOs. Green and red
lines indicate the high-symmetry lines within the BZ along which the electronic band structure
is plotted in Fig. 4.2. For MnO, FeO, and NiO, the green and red lines are equivalent, whereas
they are not for CoO.

Table 4.1.: Direct (dir.) and indirect (ind.) band gaps of the 3d TMOs. The calculations are
performed within LDA+U and compared with available experimental data. All values are in eV.

MnO FeO CoO NiO

LDA+U
ind. 1.9 2.0 2.1 2.2
dir. 2.6 2.6 2.3 2.7

Exp. 3.5. . . 4.3157–159 2.4160 2.2. . . 5.4161–164 3.7. . . 4.3164–166

These are plotted in Fig. 4.2 with the corresponding color. That the energy splittings

in the band structure obtained for CoO along the inequivalent high-symmetry lines are

indeed related to the orbital ordering of the t2g shell is confirmed by the related PDOS

plotted in Fig. 4.2. The effect is strongest for the valence bands but almost negligible for

the conduction bands. Interestingly though, band splittings appear not only for bands

related to the minority-spin t2g states but also for those related to the majority-spin t2g

states. It should be noted further, that the splittings between the inequivalent paths are

largest for the high-symmetry points F/F′, K/K′, and L/L′ at the boundary of the BZ,

whereas they remain degenerate along the line between Γ and T, which is a common

high-symmetry line.
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4.1 Electronic Band Structure
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Figure 4.2.: Electronic band structure and DOS of the 3d TMOs. The grey area in the DOS
plots indicates the total DOS whereas the blue (orange) lines indicate the PDOS with projections
on the eg (t2g) states of one TM atom. ↑ (↓) indicate the majority- (minority-)spin channel.
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Figure 4.3.: Real and imaginary part of the dielectric function ε(ω) of the 3d TMOs for different
polarizations of the incident light along [111], [1̄1̄2], and [1̄10]. The calculations are performed
within LDA+U and in the framework of the independent particle approximation without local-
field corrections.

The band ordering is in qualitative agreement with other theoretical works employing the

GGA+U+∆, HSE03, and HSE03+G0W0 approaches [81, 111]. However, the effects of

the orbital ordering of the t2g shell on the band structure of CoO has not been discussed

hitherto. In contrast to the work of Rödl et al. [81, 111] and experimental observation,

the fundamental band gaps listed in Tab. 4.1 are underestimated, due the neglect of

quasi-particle corrections.

4.2. Optical Properties

In order to investigate the influence of the antiferromagnetic ordering AFM II and the

orbital ordering of the t2g shell on the optical properties of the 3d TMOs, we calculate

the dielectric tensor εij(ω) according to (2.56). Due to the cubic symmetry of the rs
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4.2 Optical Properties

Table 4.2.: Static relative permittivity of the TMOs ε∞ depending on the polarization e calcu-
lated within LDA+U and in the framework of the independent particle approximation without
local-field corrections.

e MnO FeO CoO NiO

LDA+U
[111] 5.26 5.58 6.20 7.82
[1̄1̄2] 5.24 6.24 6.57 7.81
[11̄0] 5.24 6.24 6.46 7.81

Exp. 4.59167 – 5.3168 5.7168,169

structure, one would expect that εij is isotropic and, hence, the effective dielectric func-

tion εe(ω) according to (2.59) is independent of the polarization of the incident light

e. However, we find that this does not hold for all frequencies ω. Therefore, we plot

εe(ω) for three different polarizations e along [111], [1̄1̄2], and [11̄0] in Fig. 4.3. Indeed,

these directions are not only the principal axes of the rhombohedral symmetry due to

the antiferromagnetic ordering AFM II but also the principal axes of the dielectric tensor

for all frequencies ω at least for MnO, FeO, and NiO where the orbital ordering of the

t2g shell does not reduce the symmetry further. We observe further, that the effective

dielectric functions for polarizations along [1̄1̄2] and [11̄0] are identical and, thus, that

the dielectric tensor is isotropic for polarizations within the (111) plane. In contrast,

εe(ω) is different for the polarization e along [111], even though the deviations are small

at least for MnO and NiO. For MnO (NiO), the t2g shell is completely empty (filled) and,

hence, the octahedral symmetry of the rs structure is conserved by the orbital ordering

of the t2g shell. Therefore, the weak optical anisotropy observed in these materials must

be due to the antiferromagnetic ordering AFM II. In the low-frequency limit ω → 0, the

optical anisotropy vanishes almost completely for MnO and NiO as can be seen from the

static relative permittivities compiled in Tab. 4.2. Also for FeO the optical anisotropy is

generally weak and can attributed to the antiferromagnetic ordering AFM II. However,

around an energy of 2.8 eV a strong optical anisotropy and, thus, dichroism between

polarizations lying in the (111) plane and a polarization along the [111] direction is ob-

served in FeO. This feature will be investigated in more detail in Section 4.3. In contrast

to MnO and NiO, the optical anisotropy is also present in the low-frequency limit ω → 0

and, hence, the static relative permittivities compiled in Tab. 4.2.

For CoO, the situation is somewhat different. Similar to the other TMOs, we find a weak

optical anisotropy between polarizations lying in the (111) plane and a polarization along

the [111] direction that can be attributed to the antiferromagnetic ordering AFM II. In
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4 Electronic Structure and Optical Properties of the TMO Bulk

contrast to the other materials, also an optical anisotropy is present for polarizations in

the (111) plane due to the orbital ordering of the t2g shell that reduces the rhombohedral

symmetry to a monoclinic one. However, this effect is very small. The overall strength

of the optical anisotropy in CoO is comparable with MnO and NiO. However, it does not

vanish in the low-frequency limit ω → 0 (see Tab. 4.2) and, thus, is more similar to FeO

in this energy range.

Comparing the effective dielectric functions for different polarizations calculated in this

thesis with the averaged ones calculated by Rödl and Bechstedt [81], we find an over-

all good agreement of the peak positions. Only for CoO and NiO, our results show a

small red shift compared to the results of Rödl and Bechstedt. The good agreement of

our independent-particle results with the results of Rödl and Bechstedt including quasi-

particle and excitonic effects, originates from a partial compensation of the blue shift

related to the quasi-particle corrections and the red shift related to excitonic effects [81].

The dielectric functions calculated in the independent-particle approximation agree also

very good with the averaged dielectric functions obtained from reflectivity or ellipsometry

measurements [164, 165, 170].

4.3. Origin of the Optical Anisotropy in FeO

The strong optical anisotropy observed for FeO around an excitation energy of 2.8 eV

is related to a transition between the highest occupied band and the lowest unoccupied

band. The PDOS plotted in Fig. 4.4 reveals, that these bands have mostly the character

of the minority-spin t2g states of the Fe2+ ions. Nevertheless, it is not an intraatomic t2g

→ t2g transition. Considering the octahedral symmetry of the rs structure, the character

of the electronic dipole moment is t1u (odd symmetry), whereas the basis functions of

the d orbitals have t2g or eg character (even symmetry) [171]. Even if the symmetry

breaking effects of the antiferromagnetic ordering AFM II or a Jahn-Teller distortion

are taken into account, this result does not change. In both the rhombohedral as well

as the monoclinic symmetry, the symmetry of the electronic dipole moment remains

odd, whereas the symmetry of the basis functions of the d orbitals remains even [171].

Therefore, the transition matrix elements must vanish identically for any intraatomic

d-d transition [171]. Consequently, the oscillator strength for this transition vanishes at

the Γ point as can be seen in the left panel of Fig. 4.4. Instead the transition is an

interatomic one that involves the Fe2+ ions with the same direction of the magnetization.

Transitions between Fe2+ ions with opposite magnetization would require that ∆S 6= 0

and are, thus, spin-forbidden. The oscillator strength plotted in Fig. 4.4 varies strongly
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Figure 4.4.: Electronic band structure of FeO and oscillator strengths (blue and green lines)
along the high-symmetry lines for the transition between the highest occupied and the lowest
unoccupied band indicated in red. The solid blue line indicates the total oscillator strength,
whereas the dotted and dashed blue and green lines indicate the contribution of the different
polarizations to the total oscillator strength. In the right panel the corresponding PDOS is
plotted for projections on the majority (↑) and minority (↓) eg and t2g states of one Fe2+ ion.

along the high-symmetry lines and vanishes besides at Γ also at the F and L points and

takes on its maximum at the T point. Further, a strong dependency of the polarization

of the incident light is observed. While the oscillator strength varies in the same order

of magnitude for light with the polarization vector in the (111) plane, it vanishes almost

completely if the light is polarized along the [111] direction. Therefore, the imaginary

part of the effective dielectric functions plotted in Fig. 4.3 shows a strong peak if the light

is polarized in the (111) plane but vanishes almost completely for a polarization along

the [111] direction. Clearly, this contribution to the optical anisotropy is not related to

the antiferromagnetic ordering AFM II but the orbital ordering of the t2g shell.

Due to the electron-hole symmetry one would expect a similar behavior for CoO where

one of the t2g states is empty. However, no such strong anisotropy is observed in CoO.

The reason might be found in the PDOS of FeO and CoO plotted in Fig. 4.2. Clearly,

the lowest unoccupied bands in FeO and CoO are almost completely of minority-spin t2g

character. Further, they are very shallow and thus lead to a strong peak in the DOS that is

well separated from peaks in the DOS related to higher unoccupied bands. The situation

is different for the occupied states. For FeO, the highest occupied band has almost

completely minority-spin t2g character and is well separated from the energetically lower

bands with majority-spin eg character. Therefore, the t2g → t2g transition is observed

as a sharp peak in FeO for polarization in the (111) plane and leads to a strong optical
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Figure 4.5.: Reflectance coefficients and reflectance anisotropy for perpendicularly incident light
on the (001) surface. For the two polarizations along [11̄0] and [110] the reflectance anisotropy
is maximized.

anisotropy. Also the peak related to the t2g → t2g transition is well separated from the

peak related to an interatomic eg → eg transition observed at 5.3 eV. For CoO, however,

the highest occupied bands have mixed character and involve minority-spin t2g, majority-

spin eg, as well as oxygen 2p states. Consequently, the t2g → t2g transition and the eg →
eg transition, that appear as two well separated sharp peaks in the dielectric function of

FeO, are smeared out and overlap in the dielectric function of CoO. Therefore, also the

optical anisotropy due to the t2g → t2g transition is smeared out and strongly reduced in

CoO.

The orbital ordering of the t2g shell is also related to the magnitude and orientation of

the orbital magnetization and, thus, also of the total magnetization as has been shown in

Section 3.2. Hence, the strong dichroism observed in FeO that is related to the t2g → t2g

transition at 2.8 eV suggests to determine the easy direction of the local magnetic mo-

ments by measuring the optical anisotropy. Here, we suggest reflectance anisotropy spec-

troscopy (RAS) measurements for FeO and predict corresponding results. Even though

the dichroism is strongest between polarizations in the (111) plane and the polarization

along the [111] direction, we calculate the reflectance anisotropy for polarizations along

[110] and [11̄0], i.e., for light with incidence perpendicular to the (001) cleavage surface.

The corresponding reflectance R as well as the reflectance anisotropy ∆R/R are plotted

in Fig. 4.5. We predict a value ∆R/R ≈ −0.85 at an energy of 2.8 eV and a value

∆R/R ≈ −0.14 in the low energy limit.
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5. Ground State Properties of the

TMO(001) Surface

5.1. Preliminary Considerations

The presence of a surface changes the local symmetry drastically for the surface atoms

and might have three effects: (i) geometric distortions, i.e. rumpling and relaxation of

the atomic layers close to the surface, might occur, (ii) symmetry-equivalent magnetic

orientations in the bulk can become non-equivalent and, hence, non-degenerate at the

surface, and (iii) the magnitude and orientation of the local magnetic moments can de-

viate from the respective bulk value. While (ii) and (iii) occur already for TMO(001)

surfaces described by bulk-terminated slabs, i.e. neglecting rumpling an relaxation, the

geometric distortions themselves might depend on the magnitude and orientation of the

local magnetic moments as was shown in Chapter 3 for the bulk.

The different findings for the easy axes in the TMO bulk require also a different treatment

of their surfaces. For FeO, a unique easy axis along [111] is obtained and, therefore, this

orientation is also chosen as the starting point for the present calculations. For the other

TMOs, however, the easy axis is not unique. In the case of CoO, the energetically most

favorable orientation of the local magnetic moments along [1̄1̄1.5] is threefold degenerate

in the bulk. At the CoO(001) surface, however, this degeneracy is partially lifted and a

non-degenerate [1̄1̄1.5] orientation is obtained together with a twofold degenerate [1.51̄1̄]

orientation. Additionally, another orientation of the local magnetic moments along [1̄10]

exists in the bulk that is only 70 µeV/f.u. higher in energy than the orientation along

[1̄1̄1.5]. Also this axis is threefold degenerate in the bulk and splits into a non-degenerate

[1̄10] orientation and a twofold degenerate [01̄1] orientation at the CoO(001) surface.

Consequently, four non-equivalent magnetic orientations along [1̄1̄1.5], [1.51̄1̄], [1̄10], and

[01̄1] must be considered as starting points for the slab calculations of the CoO(001) sur-

face. For the MnO and NiO bulk crystals, no significant magnetic anisotropy is obtained

due to SOC. Only if the Breit interaction is taken into account an easy (111) plane is
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5 Ground State Properties of the TMO(001) Surface

Figure 5.1.: Change of the magnitude of the total magnetic moments µJ of the TM2+ ions at
the TMO(001) surface for FeO, CoO, and NiO. For CoO and NiO the changes are calculated
starting from different orientations of the local magnetic moments. Black circles indicate the
energetically most favorable orientation of the nine-layer slabs.

obtained. Therefore, nine inequivalent orientations of the local magnetic moments along

high-symmetry directions were considered as starting points in the present calculations,

more specifically the [100], [110], [1̄10], [111], [1̄11], [1̄1̄1], [101], [01̄1], and [001] direc-

tions. In order to keep the computational effort manageable, the calculations for CoO,

MnO, and NiO follow a two step procedure: In a first step, self-consistent calculations are

performed for bulk-terminated slabs, i.e. neglecting relaxation and rumpling, using the

various orientations given above as starting points. In a second step, the self-consistent

optimization of the atomic positions is allowed for the energetically most favorable solu-

tions obtained in the first step as well as a few other selected orientations. Therefore, we

investigate at first the magnetic properties at the TMO(001) surface and the influence on

the surface energy in Sec. 5.2. Then the geometric distortions are discussed in Sec. 5.3.

5.2. Surface Energy, Magnetic Moments, and

Magnetic Anisotropy

The surface energy γ is calculated according to (2.68). In Tab. 5.1, the corresponding

values for the magnetic most favorable orientation of the relaxed surfaces are compiled.

We observe, that the surface energy increases approximately linearly along the series of

TMOs. Additionally, the orientations eiS of the local magnetic moments in the surface

layer i = 1 and the first two sub-surface layers i = 2, 3 for most favorable orientation in

the relaxed slabs are given in Tab. 5.1. For MnO, CoO, and NiO, the energetically most

favorable orientations of the local magnetic moments are such, that all magnetic moments

66



5.2 Surface Energy, Magnetic Moments, and Magnetic Anisotropy

Table 5.1.: Surface energy γ and directions of the local magnetic moments e
i
S in the surface

layer i = 1 and the first two sub-surface layers i = 2, 3.

MnO FeO CoO NiO

γ (meV/Å2) 59.4 65.3 71.3 80.4

e1S [1 1 2.5] [1̄10] [1̄10]

e2S [1 1 1.3] [1̄10] [1̄10]

e3S [1 1 1.3] [1̄10] [1̄10]

in the slab are collinearly aligned, whereas for FeO the magnetic moments in the surface

layer become non-collinear with respect to the magnetic moments in the inner layers of

the slab. A more detailed discussion of the magnetic properties of the TMO(001) surfaces

and the effect on the surface energy follows below.

5.2.1. MnO

The surface energy does not change with the orientation of the local magnetic moments

and, hence, no easy axis is induced close to the surface. Since the Mn 3d shell is exactly

half-filled, the orbital magnetic moment vanishes exactly as was already shown in Sec. 3.3

for the bulk. Neither the presence of the surface leads to a significant change of the spin

and orbital contributions. The change in the magnitude of the total magnetic moments

due to the surface is less than 0.01 µB.

5.2.2. FeO

In contrast to MnO, CoO, and NiO, a unique easy axis along the [111] direction is

stabilized in bulk FeO due to SOC. The presence of the (001) surface, however, changes the

orientation of the local magnetic moments drastically. All magnetic moments in the slab

rotate away from the bulk easy axis and toward the surface normal, as can be seen from

the orientations eiS given in Tab. 5.1 as well as Fig. 5.2. While the magnetic moments of

the Fe2+ ions in the inner layers rotate only between 4. . . 8 degree, the magnetic moments

of the Fe2+ ions in the surface layer rotate more than 25 degree toward the surface normal.

Therefore, the the magnetic moments in the FeO slab become non-collinear. The small

rotation of the magnetic moments in the inner slab layers is an artifact of the finite slab

size and can be understood as the interplay between various driving forces. In the bulk,
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5 Ground State Properties of the TMO(001) Surface

Figure 5.2.: Left: Minority-spin density n↓(r) and magnetization density m(r) for the FeO(001)
surface.
Right: Change of the direction of the total magnetic moments µJ of the Fe2+ ions relative to
the easy axis of the bulk along [111]. For FeO, the rotation is toward the [001] direction.

SOC favors the orientation of the magnetic moments along the [111] direction in the

bulk, whereas at the (001) surface the orientation along the surface normal appears to

be preferred. However, the orientation of the magnetic moments in the surface and the

inner layers is not independent, since the superexchange interaction favors the alignment

of the magnetic moments according to the magnetic ordering AFM II, i.e. either parallel

or antiparallel.

Further, the change of the magnitude of the local magnetic moments ∆µJ with respect to

the bulk value is depicted in Fig. 5.1. Clearly, the reorientation of the magnetic moments

in the surface layer coincides with a slight increase of the total magnetic moment, which,

more explicitly, is due to an slightly increased orbital contribution to the total magnetic

moment. In contrast to that, the total magnetic moments in the inner layer remain

almost at their bulk value, because already in the first sub-surface layer the Fe2+ ions

experience the octahedral crystal field of the surrounding O2− ions. Consequently, the

increased orbital magnetic moments of the Fe2+ ions in the surface leads to a gain in SOC

energy. This energy gain overcompensates the energy costs related to the non-collinearity

between the magnetic moments of the surface and bulk Fe2+ ions as well as the slight

deviation of the magnetic moments from the easy axis in the bulk.
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5.2 Surface Energy, Magnetic Moments, and Magnetic Anisotropy

Figure 5.3.: Left: Resulting minority-spin density n↓(r) and magnetization density m(r) for
the CoO(001) surface if the [1̄1̄1.5] orientation is used as a starting point.
Right: Change of the direction of the total magnetic moments µJ of the Co2+ ions relative to
the easy axis of the bulk along [1̄1̄1.5]. For CoO, the rotation is toward the (001) plane.

5.2.3. CoO

Among the inequivalent [1̄1̄1.5], [1.51̄1̄], [1̄10], and [01̄1] orientations, the energetically

most favorable solution is obtained starting from the orientation along [1̄10], i.e. for the

local magnetic moments aligned in the (001) plane, whereas the least favorable one was

obtained starting form the orientation along [1̄1̄1.5], i.e. for the local magnetic moments

tilted farthest away from the (001) plane. However, the energy difference between the

most favorable orientation and the least favorable one is only 0.9 meV/Å2.

Several reasons can be identified that resolve the apparent disagreement between the

finding that the [1̄1̄1.5] orientation (as well as the other two equivalent orientations) is

most favorable in the CoO bulk, whereas the [1̄10] orientation is most favorable for the

CoO slab. At first, it can be seen in Fig. 5.1 that the resulting magnitude of the total

magnetic moments differs less than 0.03 µB from the bulk value if the orientation of the

local magnetic moments along [1̄10] is used as a starting point. In contrast, if the [1̄1̄1.5]

orientation is used as the starting point, the total magnetic moment of the Co2+ ions

in the surface layer is quenched by almost 0.3 µB. This quenching is almost completely

due to a quenching of the orbital contribution, which in turn is a consequence of a

redistribution of the minority-spin density toward the vacuum. Therefore, if the [1̄1̄1.5]

orientation is used as the starting point, the contribution of the SOC energy to the total

energy is reduced compared to the most favorable orientation along [1̄10]. Secondly, the

local magnetic moments remain collinear if the [1̄10] orientation is used as the starting

point, as can be seen from the orientations eiS given in Tab. 5.1. In contrast to that,
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5 Ground State Properties of the TMO(001) Surface

the local magnetic moments become non-collinear if the [1̄1̄1.5] orientation is used as a

starting point, as shown in Fig. 5.3. The local magnetic moments of the Co2+ ions in

the surface layer rotate almost 9 degree away from the bulk easy axis toward the (001)

surface plane, whereas the local moments of the Co2+ ions in the inner layers deviate by

less then 3 degree from the bulk easy axis. This non-collinearity at the surface reduces

the effect of super-exchange that stabilizes the antiferromagnetic ordering AFM II.

5.2.4. NiO

For both the bulk-terminated as well as the relaxed slabs small differences in the surface

energy are obtained for the various orientations of the local magnetic moments. However,

the energy differences are only in the order of 0.2 meV/Å2 between the most and least

favorable orientations. We find that the surface energy is lowest if the local magnetic

moments are aligned within the (001) plane, whereas the surface energy assumes its

largest value if the magnetic moments are aligned along the [001] surface normal. Within

the (001) plane, no unique axis is energetically preferred. Therefore, an easy (001) plane

is stabilized due to the surface. If the local magnetic moments are aligned within the

(001) plane, the orbital magnetic moment and, hence, the total magnetic moment is

slightly increased by more than 0.1 µB, which does not happen if the magnetic moments

are aligned along the [001] direction (see Fig. 5.1). Thus, the slightly increased SOC

energy stabilizes magnetic moments aligned in the (001) plane. Independent on which

orientation is chosen as the starting point, the local magnetic moments remain collinear

for the NiO slabs.

5.3. Rumpling and Relaxation

The rumpling Ri and relaxation Li,i+1 of the layers close to the surface are calculated

according to (2.69) and (2.70), respectively. In Tab. 5.2, the corresponding values are

compiled for the surface layer i = 1 and the first sub-surface layer i = 2. For deeper layers

both Ri and Li,i+1 become negligibly small for all TMOs and, hence, are not discussed

here. The rumpling of the surface layer is in the order of R1 ≈ 1 . . . 2% for all TMOs,

whereas the rumpling of the first sub-surface layer is in the order of R2 ≈ −1%, i.e.

with opposite sign and somewhat smaller magnitude. The opposite sign means that the

O2− ions in the surface layer together with the underlying TM2+ ions in the first sub-

surface layer are shifted towards the vacuum, whereas the TM2+ ions in the surface layer

together with the O2− ions in the first sub-surface layer are shifted inwards. Of course, the
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5.3 Rumpling and Relaxation

Table 5.2.: Rumpling Ri and inter-layer relaxation and Li,i+1 for the first layers closest to the
surface.

MnO FeO CoO NiO

R1 (%)

LDA+U 1.1 1.8 1.4 0.9
MEIS −3.6± 0.7172 – – −4.8± 0.5173

LEED 4.2± 1.6174 3.9± 3.292 2.8± 1.9175 2.4± 2.4176

5.5± 2.5174 0 . . .− 2177

R2 (%)

LDA+U −0.4 −0.9 −0.8 −0.8
MEIS −2.0± 0.7172 – – –
LEED 0.2± 1.6174 – 0.0175 1.5± 2.4176

0.6± 2.5174

L1,2 (%)

LDA+U −0.8 −0.2 −0.3 −1.2
MEIS 0.1± 0.7172 – – −1.4± 0.1173

LEED 0.0± 1.6174 −2.4± 4.692 5.7± 1.9175 −2 . . .− 3177

1.1± 2.5174

L2,3 (%)
LDA+U 0.0 0.0 0.2 0.0
MEIS −1.0± 0.7172 – – –
LEED – −3.2± 4.892 2.3± 1.9175 –

magnitude of the rumpling must decrease with the distance to the surface. On average,

the surface layer is shifted towards the first sub-surface layer for all TMOs and, hence,

L1,2 is negative. The interlayer relaxation L2,3 between the first and the second sub-

surface layers is already negligible. No clear trends are observable along the series of

TMOs with respect to the rumpling and relaxation of the layers closest to the surface.

Our results for MnO and NiO are in good agreement with other LDA+U and GGA+U

calculations [178–180]. However, other theoretical studies for the (001) surface of FeO and

CoO are not available. The comparison with experimental data is less clear as only few

consistent experimental reports are available. Measurements employing medium-energy

ion scattering (MEIS) predict a negative rumpling of the surface layer for MnO and NiO,

in contrast to our LDA+U results [172, 173]. Also, Welton-Cook and Prutton predict

a vanishing or negative rumpling for single-crystal NiO employing low-energy electron

diffraction (LEED) measurements [177]. At the same time, the MEIS measurements of

Okazawa and Kido predict a negative rumpling of the first sub-surface layer for MnO

in agreement with our findings [172]. Other LEED experiments exist that appear to

support our finding of a positive rumpling of the surface layer [92, 174–176]. However,
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some caution must be advised, since these measurements are performed with thin or

ultrathin TMO layers grown pseudomorphically on an Ag(001) surface[92, 174–176].
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6. Surface-Probing Techniques

applied to the TMO(001) Surface

In Section 6.1, the calculated (SP-)STM images are presented presented and interpreted

with help of the electronic band structure as well as the (projected) density of states of

the TMO(001) surfaces. Finally, the results of a simulated MExFM experiment for the

MnO(001) and NiO(001) surfaces are presented and discussed in Section 6.2. Some of

the results presented here have been published earlier [95, 105, 106, 115].

6.1. (Spin-polarized) Scanning Tunneling Microscopy

6.1.1. Electronic Structure of the TMO(001) surfaces

In Fig. 6.1, the electronic band structures calculated for the nine-layer TMO(001) slabs

are compared with the corresponding projected bulk band structures. Only for NiO, a

clearly surface bound state below the conduction band minimum (CBM) is obtained,

which is mostly derived from the minority-spin 3d3r2−z2 states of the Ni2+ ions in the

surface [90, 95, 115]. Other surface-related bands that appear in pockets of the bulk-

projected band structure or ones that are overlaid by bulk-derived bands mostly have

the character of surface resonance states [90, 95, 115]. Since surface-related bands that

are overlaid by bulk bands are less clearly identified, also the PDOS projected on the

atoms in the surface layers alone is compared to the DOS of the TMO bulk crystals in

Fig. 6.1 in order to distinguish the shift of spectral weight at the surface. Especially

in the conduction bands close to the fundamental gap spectral weight is shifted toward

lower energies at the surface of the TMO(001)2× 1 slabs. Additionally, at the M point,

bands are marked with dots where strong contributions from the 3d states of the TM2+

ions in the surface can be identified. However, for the valence bands this is not always

possible because of the relatively strong hybridization with O 2p states in all TMOs and

the intermixing of eg and t2g derived bands in CoO and NiO (see also Fig. 4.1).
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6 Surface-Probing Techniques applied to the TMO(001) Surface

Figure 6.1.: Electronic band structure and DOS of the TMO(001)2 × 1 slabs. Grey shaded
areas indicate the bulk projected bands and the corresponding DOS of the bulk, respectively.
Blue lines are the electronic bands of the nine-layer slabs and the PDOS projected on the surface
atoms. Further, at the M point, bands are marked with dots where strong contributions from
the 3d states of the TM2+ ions in the surface can be identified. Red (orange) dots indicate strong
contributions of the d3r2−z2 (dx2−y2) states, i.e. the eg states, whereas strong contributions of
the t2g states are indicated with green dots. In contrast to the eg derived bands, the t2g derived
ones are generally linear combinations of all three basis functions, dxy, dzx, and dyz.
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As in the TMO bulk, the conduction bands close to the fundamental gap are dominated

by the minority-spin TM 3d states as well as both spin channels of the TM 4s states.

Because the TM 4s states contribute only little spectral weight, the discussion can be

reduced to the TM 3d states alone. As a rule of thumb it can be stated that the more a

TM 3d orbital extends into the vacuum, the more its eigenvalue is shifted toward lower

energies. Hence, bands derived from the TM 3d3r2−z2 states of the ions in the surface layer

experience the strongest shifts of about −1 eV, whereas bands with large contributions of

the TM 3dxy and TM 3dx2−y2 states experience almost no shifts of their eigenvalues. In

Fig. 6.1, the different shifts of conduction bands derived from 3d3r2−z2 and 3dx2−y2 orbitals

of the TM2+ ions in the surface layer are clearly visible for all TMO(001) surfaces. But

also in the valence states of the MnO(001) or FeO(001) surfaces, bands derived from

3d3r2−z2 and 3dx2−y2 orbitals of the TM2+ ions in the surface layer can be identified and

show similar shifts as those found in the conduction bands. In contrast to the eg derived

bands, the t2g derived ones are generally linear combinations of all three basis functions,

dxy, dzx, and dyz as was discussed for the bulk in Sec. 4.1. Therefore, TM 3d-t2g derived

bands experience only intermediate shifts, as can be seen for FeO and CoO in Fig. 6.1.

6.1.2. (SP-)STM images

The (SP-)STM images shown in Figs. 6.2–6.5 are calculated according to the generalized

Tersoff-Hamann approach (2.71). For all materials, SP-STM images are calculated where

the magnetic moments of the tip and the TM2+ ions in the surface are aligned parallel or

antiparallel, independent of the actual orientation of the magnetic moments of the TM2+

ions with respect to the crystal axes. In this configuration the maximum spin contrast

is obtained. However, the effect of non-collinearity between the magnetic moments of

the TM2+ ions and the tip is also studied for FeO, because in this case the easy axis is

uniquely determined, whereas it is somewhat ambiguous for the other TMOs.

If the conduction bands are probed, the tunneling current is largest above the TM2+ ions

and, consequently, the TM2+ ions appear as bright spots in the STM images calculated

for the constant current mode in Figs. 6.2–6.5. This holds true for all TMOs investigated

here because the conduction bands close to the fundamental gap are determined by the

unoccupied minority-spin TM 3d states as well as both spin channels of the TM 4s states

(see also Figs. 6.1 and 4.1). In the corresponding SP-STM images of the empty states,

the spin contrast between the TM2+ ions of opposite magnetization is clearly visible.

However, for MnO the spin contrast is much weaker compared to the other TMOs, since

the CBM in MnO is dominated by the Mn 4s states, whereas for the other TMOs the
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6 Surface-Probing Techniques applied to the TMO(001) Surface

minority-spin TM 3d states dominate. Consequently a relatively large bias voltage is

required for MnO in order to probe the empty Mn 3d states in the energy range 1. . . 4 eV

above the CBM and, hence, in order to obtain spin contrast (see Fig. 6.1).

When the valence states at the surface are probed, the situation is less uniform for the

various TMOs and the resulting (SP-)STM images depend strongly on three competing

contributions: (i) the successive filling of the minority-spin TM 3d t2g shell, (ii) the

relative energetic position of the TM 3d-eg derived bands in the majority-spin channel and

of the TM 3d t2g derived bands in the minority-spin channel, and (iii) the hybridization

with O 2p states.

In the STM images of the MnO(001) surface in Fig. 6.2, the O2− ions appear as bright

spots for an integration interval of −0.8 eV below the valence band maximum (VBM),

whereas the Mn2+ ions are only slightly visible. This situation is opposite if the integration

interval is extended to −1.6 eV below the VBM, where the Mn2+ ions dominate the STM

image. This inversion of contrast is obtained because the Mn 3d3r2−z2 derived states are

lowered by approximately 1 eV at the surface, which does not hold for the Mn 3dx2−y2

and O 2p derived ones (see also Figs. 6.1 and 4.1). Therefore, mostly the O 2pz derived

states which extend toward the vacuum are visible if the smaller integration interval is

used but in the larger integration interval the Mn 3d3r2−z2 derived states dominate. The

same trend is also observed in the SP-STM images. However, more important is the

finding, that not only between the Mn2+ ions spin contrast is observed but also between

the O2− ions, which themselves are non-magnetic. The spin contrast between the Mn2+

ions is easily explained. If the magnetic moments of the Mn2+ ions and the tip are parallel

tunneling is allowed, whereas tunneling is forbidden if the magnetic moments are anti-

parallel. In order to explain the spin contrast between the O2− ions, the super-exchange

mechanism must be considered. It leads to an asymmetry between the spin channels

of the spin-resolved DOS related to the O2− ions at the surface [95]. If the magnetic

moment of the Mn2+ ion below an O2− ion is parallel to the magnetic moment of the

tip, the tunneling current becomes large above the respective O2− ion and it appears

as a bright spot. The opposite holds, if the magnetic moments of the the tip and the

Mn2+ ion below the O2− ion is aligned antiparallel. It is further noteworthy, that the

spin contrast between the O2− ions in the SP-STM images of the occupied states close

to the VBM is the same for all TMOs which supports the argument that this effect is

related to super-exchange.

For the FeO(001) surface, the Fe2+ ions are clearly visible in the STM image in Fig. 6.3

and also in the SP-STM image a strong spin contrast is observed if an integration interval

of −1 eV below the VBM is used. In contrast to MnO, not the Fe2+ ions with magnetic
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moments parallel to the magnetic moment of the tip appear as bright spots in the SP-

STM image but the ones aligned antiparallel to the magnetic moment of the tip. As can

be seen in Figs. 6.1 and 4.1, the uppermost valence bands in FeO are almost completely

derived from the minority-spin Fe 3d t2g state. Therefore, only if the magnetic moments

of the tip and the Fe2+ ion in the surface are antiparallel, tunneling from the minority-

spin t2g state into the tip can occur. If the integration interval is increased to −2 eV

below the VBM, also contributions from the O 2p and the majority-spin Fe 3d eg states

are taken into account. Consequently, the also the O2− ions appear in the STM image

and the spin contrast between the Fe2+ ions is reduced in the SP-STM image. In order to

investigate the influence of the non-collinearity between the magnetic moments of the tip

and the Fe2+ ions, SP-STM images are plotted in Fig. 6.3 where the magnetic moment of

the tip is aligned along the surface normal. This means that the magnetic moments of the

tip and the Fe2+ ions in the surface enclose an angle of 29.5 degree. Despite this rather

large non-collinearity, the spin contrast is only slightly lowered. According to (2.71), the

spin contrast is proportional to the cosine of the enclosed angle. Therefore, even a non-

collinearity between the magnetic moments of the tip and the Fe2+ ions in the surface as

large as 60 degree would only reduce the spin contrast to 50%.

In the STM image of the CoO(001) surface plotted in Fig. 6.4, the Co2+ ions as well

as O2− ions appear with similar strength for an integration interval of −1 eV below

the VBM. If the integration interval is increased to −2 eV below the VBM, the Co2+

ions dominate the corresponding STM image and the O2− ions are less clearly visible.

Above the Co2+ ions, tunneling occurs mostly from the minority-spin t2g states in the

smaller integration interval. For the larger integration interval also tunneling from the

majority-spin eg states, especially the d3r2−z2 state becomes important (see Figs. 6.1 and

4.1). These competing contributions become also visible in the corresponding SP-STM

images. In the SP-STM image obtained for integration down to −1 eV below the VBM,

the Co2+ ions with magnetic moments aligned antiparallel to the magnetic moment of the

tip are clearly visible as bright spots, whereas the Co2+ ions with parallel orientation are

not visible at all. In the SP-STM image obtained for the larger integration interval down

to −2 eV below the VBM, on the other hand, the spin contrast between the parallel

and antiparallel aligned Co2+ ions is significantly reduced due to the tunneling from

the majority-spin d3r2−z2 states. CoO is, besides NiO, the only TMO for which STM

experiments have been performed. Therefore, we also compare with the STM image of

the lowest conduction bands of the CoO(001) surface measured by Castell et al. [15]

in Fig. 6.4. The agreement of the STM image obtained by Castell et al. [15] with our

STM images calculated for two integration intervals of +1 eV and +3 eV above the CBM
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is excellent. Because the lowest conduction bands are almost completely derived from

TM2+ states, the actual integration interval plays only a minor role. Further, it should be

noted that the bias voltage of 2.7 V cannot be related directly to the integration interval

used for the calculation of our (SP-)STM images because the bias voltage applied in the

experiment is with respect to the Fermi level, whereas the exact position of the Fermi

level cannot be determined in our DFT calculations and, hence, the integration intervals

are chosen with respect to the CBM or VBM, respectively.

The STM image in Fig. 6.5 obtained for the occupied states at the NiO(001) surface in

an integration interval of −0.75 eV below the VBM is very similar to the one obtained for

the MnO(001) surface and an integration interval of −0.8 eV below the VBM in Fig. 6.2.

In Fig. 6.5, the O2− ions appear as bright spots in the STM image as well as the SP-STM

image. However, while the Mn2+ ions in Fig. 6.2 show a very strong spin contrast in the

corresponding SP-STM image, the Ni2+ ions in Fig. 6.5 show almost no spin contrast.

From Figs. 6.1 and 4.1 it can be seen that for NiO the uppermost valence bands are

mostly determined by majority-spin eg states as well as minority-spin t2g states. Both

contributions are of approximately the same magnitude in the integration interval of

−0.75 eV below the VBM. If the integration interval is increased to −1.5 eV below the

VBM, the Ni2+ ions with magnetic moments aligned antiparallel to the tip magnetization

become visible in the SP-STM image due to stronger tunneling from the minority-spin t2g

states. Therefore, also the spin contrast between the Ni2+ ions is increased. Comparing

with the STM images measured by Dudarev et al. [16], again excellent agreement is

obtained for the STM images of the lowest conduction bands.. In the STM image of

Dudarev et al. [16] where the uppermost valence bands were probed, almost no features

are distinguishable. Possibly the sites of the O2− ions appear somewhat brighter than

the sites of the Ni2+ ions. This agrees well with our finding that for smaller bias voltages

the O2− ion are visible but for to large bias voltage the O2− ions as well as the Ni2+ ions

appear with similar strength in the STM image. For to large bias voltages, the different

O2− and Ni2+ sites might not be resolvable any more by the STM used by Dudarev et

al. and, therefore, the STM image of the uppermost valence bands appears somewhat

blurred. Similar to the case of CoO, the bias voltages used in the experiment cannot be

related directly to the integration intervals used to calculate our (SP-)STM images due

to the different reference energy.

Finally, a few remarks are due. At first we discuss the influence of the SOC on the

(SP-)STM images followed by a discussion regarding the ambiguity of the easy axis for

MnO, CoO, and NiO. In order to investigate the influence of SOC on the (SP-)STM

images, we compare with the results of Granovskij [95] obtained for the MnO(001) and
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NiO(001) surfaces in the approximation of collinear spins, i.e. neglecting SOC. In order

to allow for direct comparison, the same levels of the integrated local DOS (ILDOS) as

used by Granovskij [95] for the calculation of the (SP-)STM images were used also in this

work. Even though small differences between our STM images and those of Granovskij

are observed for the maximum corrugation, they are not significant enough to change

general features in the respective images. While SOC might lead to shifts of the energy

eigenvalues of some ten ore even hundred meV, the effect is to small compared with the

used integration intervals in the order of a few eV.

In Chapter 5 it was discussed, that a certain ambiguity exists regarding the actual ori-

entation of the magnetic moments in the TMO(001)2× 1 slabs for MnO, CoO, and NiO.

However, this ambiguity has only minor influence on the (SP-)STM images for several

reasons: (i) It was shown in Chapter 3, that at least for FeO and CoO different ori-

entations of the local magnetic moments are related to different linear combinations of

3d-t2g states and, consequently, to different minority-spin densities close to the TM2+

ion. However, since the actual (SP-)STM image is proportional the convolution of the

local DOS of the tip and the local DOS of the surface, any tip of finite size leads to a

broadening in the (SP-)STM image and, generally, intra-atomic structures such as single

orbitals cannot be resolved. (ii) More important for (SP-)STM images would be a redis-

tribution of spectral weight in the local DOS at the surface due to different orientations of

the local magnetic moments. While the presence of the (001) surface leads to significant

shifts of spectral weight in the local DOS at the surface (see Sec. 6.1.1) in the order of

1 eV, different orientations of the local magnetic moments have only a minor effect in

the order of less than 100 meV. Hence, this effect can be neglected. (iii) The magnetic

orientation is irrelevant for STM images, since only a spin-averaged current is measured.

(iv) As long as the magnetization of the tip is parallel or antiparallel to the magnetic

moments in the surface, the resulting STM images are very similar provided effects (i)

or (ii) play only a minor role. This was carefully tested for different orientations of the

local magnetic moments in CoO.

Therefore, the absolute orientation of the local magnetic moments in the surface with

respect to the crystal axes plays only a minor role. Most important is the relative orienta-

tion with respect to the tip magnetization. As has been shown for FeO, even a relatively

large non-collinearity between the magnetic moments of the tip and the TM2+ ions in

the surface leads only to a relatively small loss in spin contrast.
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Figure 6.2.: Calculated (SP-)STM images including SOC for MnO probing empty (first row)
and occupied (second and third row) states. The left (right) column contains the STM (SP-
STM) images. For the SP-STM images the tip magnetization is chosen parallel to the magnetic
moments of the surface atoms along the [111] direction. Black (red) spheres indicate Mn↑
(Mn↓) ions and blue (green) spheres indicate O↑ (O↓) ions. Positive (negative) energies denote
the integration interval over conduction (valence) bands with respect to the CBM (VBM).
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Figure 6.3.: Calculated (SP-)STM images including SOC for FeO probing empty (first row)
and occupied (second and third row) states. The left column contains the STM images, whereas
the middle and right columns are SP-STM images. In the middle column the tip-magnetization
is parallel to the surface normal whereas in the right column the the tip magnetization is parallel
to the magnetic moments of the surface atoms along the [1, 1, 2.3] direction. Black (red) spheres
indicate Fe↑ (Fe↓) ions and blue (green) spheres indicate O↑ (O↓) ions. Positive (negative)
energies denote the integration interval over conduction (valence) bands with respect to the
CBM (VBM).
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Figure 6.4.: Calculated (SP-)STM images including SOC for CoO probing empty (first row)
and occupied (second and third row) states. The left (right) column contains the STM (SP-
STM) images. For the SP-STM images the tip magnetization is chosen parallel to the magnetic
moments of the surface atoms along the [11̄0] direction. Black (red) spheres indicate Co↑ (Co↓)
ions and blue (green) spheres indicate O↑ (O↓) ions. Positive (negative) energies denote the
integration interval over conduction (valence) bands with respect to the CBM (VBM). The inset
shows experimental data from Ref. [15] at a bias voltage of +2.7 V. The average corrugation in
the experimental images is 1 pm.
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Figure 6.5.: Calculated (SP-)STM images including SOC for NiO probing empty (first row)
and occupied (second and third row) states. The left (right) column contains the STM (SP-
STM) images. For the SP-STM images the tip magnetization is chosen parallel to the magnetic
moments of the surface atoms along the [11̄0] direction. Black (red) spheres indicate Ni↑ (Ni↓)
ions and blue (green) spheres indicate O↑ (O↓) ions. Positive (negative) energies denote the
integration interval over conduction (valence) bands with respect to the CBM (VBM). The
insets show experimental data from Ref. [16] at the same bias voltage. The average corrugation
in the experimental images is 30 pm (15 pm) at +1.1 V (−1.5 V).
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Figure 6.6.: (a,c) Chemical forces Fchem and (b,d) exchange energies EX at the lateral positions
of the four surface atoms as functions of the tip-surface distance. Left panels (a,b) display results
for MnO(001), while those for NiO(001) are in the right panels (c,d).

6.2. Magnetic Exchange Force Microscopy

In this Section, a method to simulate MExFM experiments according to the procedure de-

scribed in Sec. 2.6.2 is investigated. We restrict ourselves to the MnO(001) and NiO(001)

surfaces. Since the inclusion of SOC has no influence on the magnitude and orientation

of the local magnetic moments of the TM2+ ions for these materials, it allows to restrict

the calculations to the approximation of collinear spins. This approximation reduces

the numerical effort significantly because it eliminates degrees of freedom related to the

orientation of the local magnetic moments and, therefore, also enhances the numerical

stability. Before the resulting MExFM images are presented in Sec. 6.2.2, the chemical

and magnetic forces as well as their origin are closely investigated in Sec. 6.2.1. The

present results have been published earlier [105, 106].

6.2.1. Chemical and Magnetic Forces

Distance dependence

The resulting chemical forces Fchem(Aσ; z) acting on the ferromagnetic Fe tip at the

lateral positions Aσ in the range 1.8 < z < 3.8 Å are depicted in Figs. 6.6(a) and (c)
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for the MnO(001) and NiO(001) surface, respectively. The exchange forces FX(A; z) =

Fchem(A↓; z)− Fchem(A↑; z) are directly obtained as the differences of the corresponding

curves in Figs. 6.6(a) and (c). In Figs. 6.6(b) and (d) the corresponding exchange energies

EX(A; z) = E(A↓; z) − E(A↑; z) are plotted, where E(Aσ; z) is the total energy of the

system for the Fe tip apex at the lateral site Aσ. The chemical forces show a similar

qualitative behavior for the MnO and NiO surfaces. They loose their attractive character

for large tip-surface distances and indicate a repulsive behavior for small distances. For

the tip above the O sites, the minima of Fchem(Oσ; z) ≈ −3 nN at z ≈ 2.3 Å indicate

a strong attraction between tip and oxygen atoms for both TMOs. The “equilibrium”

distance of around 1.9 Å, where Fchem(Oσ; z) vanishes, is somewhat smaller than the

Fe-O bond length in bulk FeO [33]. Above the O sites, the exchange energy EX almost

vanishes. Only for NiO a weak “antiferromagnetic” coupling (EX < 0) is visible, that

might be due to superexchange interaction of the Fe tip atoms with the Ni atoms in the

second layer mediated by the oxygen atoms in the surface layer [24, 181].

The attraction between TM surface and Fe tip atoms is weaker compared to that between

O surface and Fe tip atoms. However, significant qualitative and quantitative differences

between MnO and NiO occur. For MnO, Fchem(Mn↓; z) is below Fchem(Mn↑; z) in the

whole range of z, i.e., the tip is attracted stronger above the Mn↓ site compared to the

Mn↑ site. In agreement with the forces, also EX(Mn; z) indicates a strong antiferromag-

netic coupling between Mn and Fe atoms that increases in strength monotonically with

decreasing tip-surface distance z. The attractive forces acting on the Fe tip above the Ni

atoms in the NiO surface are stronger compared to the Mn atoms in the MnO surface.

Consequently, the minima of Fchem(Niσ; z) are more pronounced and occur at smaller

tip-surface distances compared to Fchem(Mnσ; z) in MnO. The most important difference

is, however, the crossing of Fchem(Ni↑; z) and Fchem(Ni↓; z) near z = 2.7 Å that does not

occur for MnO. In other words the exchange force FX(Ni; z) in the NiO case changes

from a negative sign at distances z > 2.7 Å to a positve one below z = 2.7 Å, while

FX(Mn; z) remains negative in the entire range of z. As a consequence, also the exchange

energy EX(Ni; z) changes its behavior near the critical distance z = 2.7 Å, where the

antiferromagnetic coupling takes on its maximum with a value of EX = −239 meV. For

tip-surfaces distances below z = 2.7 Å, an additional ferromagnetic coupling is found for

NiO, that eventually overcomes the antiferromagnetic coupling for z < 2.2 Å.
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Figure 6.7.: Changes of the spin densities ∆nσ in the (010) plane due to tip-surface interaction
for MnO (left panels) and NiO (right panels) at a tip-surface distance z = 2.6 Å. The upper
(lower) panels display the redistribution of the spin-up density ∆n↑ (spin-down density ∆n↓).
Black dots denote Fe↑ tip atoms, while the open circles represent surface atoms in the first two
layers. The tip is positioned above the surface TM↑ (a, b, e, and f) and TM↓ atoms (c, d, g,
and h).
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Redistribution of spin densities

For the understanding of the different magnetic interactions between tip and TM surface

atoms we analyze the spin-density redistributions ∆nσ = nσ
ts − nσ

t − nσ
s due to the in-

teraction, where nσ
ts is the spin-density component σ of the interacting system, and nσ

t

and nσ
s are the spin densities of the non-interacting tip and slab, respectively. In Fig. 6.7

these spin-density changes are depicted in the (010) plane for the Fe tip positioned above

the TM↑ and TM↓ sites. We focus on the tip-surface distance z = 2.6 Å just below the

crossing point of the Fchem(Niσ; z) curves at z = 2.7 Å.

For the Fe tip above the TM↓ surface atoms (Figs. 6.7(c), (d), (g), and (h)) the behavior

is very similar for MnO and NiO. Electrons are transferred from TM states with dz2

character in the majority-spin channel into the minority-spin channel. This holds not

only for the TM↓ atoms in the TMO surface, but also for the Fe atom closest to the

surface. In the latter case, however, the character of the involved orbitals is not solely dz2

derived but contains also some contributions of other orbitals. While in NiO (Figs. 6.7(g)

and (h)) the redistribution of spin density is large in the vicinity of the Ni↓ atom and

smaller close to the Fe tip atom, the situation is reversed for MnO (Figs. 6.7(c) and (d)).

In contrast to the TM↓ results, striking differences in the spin-density redistributions are

found for the Fe tip located above the TM↑ surface atoms (Figs. 6.7(a), (b), (e), and

(f)). Above the Mn↑ atom (Figs. 6.7(a) and (b)), large redistributions of spin density

from the majority- into the minority-spin channel are observed in the vicinity of the Fe

tip apex. At the same time, the redistributions of spin density are small in the vicinity

of the Mn↑ atom in the MnO surface. For the NiO surface the situation is different

(Figs. 6.7(e) and (f)). Here, large redistributions of spin density occur at both atoms,

the Fe tip atom closest to the surface and the Ni↑ atom in the NiO surface. Moreover, a

bond between the Fe tip atom and the Ni↑ surface atom is formed in the minority-spin

channel in Fig. 6.7(f) [182]. This bond does not occur at tip-surface distances larger

than z = 2.7 Å. The strong redistribution of spin density into the bonding region below

z = 2.7 Å causes an additional attractive force between the Fe tip and the Ni↑ atom and,

hence, is responsible for the crossing of the Fchem(Niσ; z) curves and the sign change of

FX(Ni; z).

Interaction mechanisms

The question arises which mechanisms drive the interaction of the Fe tip with the Mn

atoms and Ni atoms, respectively. At large tip-surface distances the overlap of the wave-
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functions of the 3d electrons located at the Fe tip and the TM atoms in the surface is

small. Consequently, the driving interaction mechanisms are direct Heitler-London ex-

change [183] in the case of parallel aligned spins, i.e., for the Fe tip located above the

TM↑ atom, and indirect kinetic exchange according to Anderson [183] in the case of an-

tiparallel aligned spins, i.e., for the Fe tip located above the TM↓ atom. Kinetic exchange

interaction is generally stronger than direct exchange and therefore the antiferromagnetic

coupling between Fe tip atoms and surface TM atoms is more favorable at large distances

[183].

At intermediate and small tip-surface distances the picture of weakly overlapping orbitals

does not hold anymore. Instead, the formation of spin-dependent molecular orbitals

becomes important (see e.g. Fig. 6.7(f)). If the tip is located above the TM↑ surface atom,

the bonding orbital derived from the unoccupied minority-spin 3d states is shifted toward

lower energies with decreasing tip-surface distance. Its occupation depends, however,

on the 3d state filling of the two TM atoms. The energy splitting between occupied

majority-spin and unoccupied minority-spin 3d states is smaller for NiO than for MnO

due to the empty (filled) minority-spin t2g shell of Mn (Ni) [61]. Therefore, the minority-

spin bonding orbital between the Ni↑ surface atom and the Fe tip atom is occupied below

z = 2.7 Å (see Fig. 6.7(f)), while the one between the Mn↑ surface atom and the Fe

tip atom is not. The bond formation is further supported by the lowered energy of the

surface state with dz2 character located at the Ni surface atoms [115]. Its energy is almost

1 eV below the energy of the empty bulk eg states [115]. This mechanism may be related

to the “covalent magnetism” described earlier [182]. If the tip is located above the TM↓
atoms, the bonding orbitals in both spin channels are occupied at all tip-surface distances

z for both TMOs, due to the antiparallel spin alignment of Fe tip atom and surface TM↓
atom.

6.2.2. Magnetic Exchange Force Images

In order to show the consequences of different level occupations for experimental MExFM

studies, we calculate the normalized frequency shift γ(d) for the minimal tip-surface

distance d in the force microscope within the large amplitude approximation according

to (2.78) including vdW interaction according to (2.80). The γ(d) curves exhibit features

qualitatively similar to the behavior of the chemical forces in Fig. 6.6 for tip-apex positions

above the TM↑, TM↓, O↑, and O↓ atoms. They indicate that the chemical forces are

solely responsible for the chemical and magnetic contrasts between the surface sites while

the vdW forces give rise to some site-independent corrections. In Fig. 6.8, the inverse
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Figure 6.8.: Minimal tip-surface distance d as a function of the normalized frequency shift γ
for tip positions above the four surface atoms of the NiO(001)2×1 surface unit cell. The limiting
frequency shift for the calculation of MExFM images γmax is indicated by the dashed line.

function d(γ) is plotted for the Fe tip above the NiO(001) surface as an example. For the

MExFM images, we calculate the corrugation ∆d(x, y; γc) = d(x, y; γc)− dmin(γc), where

d(x, y; γc) is the minimum tip-surface distance at site (x, y) for constant frequency shift

γc and dmin(γc) is the global minimum tip-surface distance for constant frequency shift

γc and all sites (x, y). We choose γc = −15.5 fNm1/2 for MnO, whereas we choose three

values γc = −19.3 fNm1/2, γc = −21.3 fNm1/2, and γc = −22.0 fNm1/2 for NiO in order

to study the influence of the change of sign of FX(Ni; z) on the MExFM images. The

resulting MExFM images and line profiles are displayed in Figs. 6.9 and 6.10. Pronounced

corrugations are visible along the row of four different surface atoms in a magnetic unit

cell. We find similar spin-averaged chemical contrasts between TM and O sites of 21.4 pm

(MnO) and 8.8 pm. . . 20.1 pm depending on the frequency shift (NiO) for both TMOs.

Generally, the (spin-averaged) chemical contrast increases with increasing frequency shift

γc. The MExFM image of the NiO(001) surface obtained for the frequency shift γc =

−19.3 fNm1/2 and the one calculated for the MnO(001) surface at γc = −15.5 fNm1/2

show the same spin-contrast, i.e., the TM↑ (TM↓) ions appear as dark (bright) regions

in the MExFM image. However, the spin contrast vanishes for the NiO(001) surface at a

frequency shift of γc = −21.3 fNm1/2 and is inverted for γc = −22.0 fNm1/2, i.e. the Ni↑
(Ni↓) ions appear as bright (dark) regions in the MExFM image, due to the change of

the sign of FX(Ni; z).

For the NiO(001) surface we emphasize the qualitative agreement of the MExFM images

and the corresponding line profiles in Fig. 6.10 with the ones measured by Kaiser et al.

[11]. Quantitatively there are, however, a few differences. The experimental MExFM im-

age have been achieved at a constant frequency shifts corresponding to γc = −2.6 fNm1/2
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and γc = −2.7 fNm1/2. While the image taken at γ = −2.6 fNm1/2 shows only a chemical

corrugation ∆dchem ≈ 4.5 pm, the other image obtained at a slightly higher frequency

shift γ = −2.7 fNm1/2 shows both chemical corrugation dchem ≈ 4.5 pm and a weaker

magnetic corrugation ∆dNi ≈ 1.5 pm [11]. It seems that the theoretical model applied

here overestimates both the corrugation heights and the frequency shifts. Nevertheless,

large corrugations of 40− 50 pm have been measured in earlier non-contact AFM studies

[11, 184, 185]. Excluding the empirical vdW corrections [186], γc becomes smaller with

values around −5 fNm1/2 while at the same time the corrugation increases up to 100 pm.

A treatment of the vdW interaction between tip and surface on a more sophisticated

level and the inclusion of the atomic relaxation of tip and surface may improve the

predictive power for the distance-dependent forces [187] and the resulting images. The

predicted opposite spin contrasts of NiO(001) and MnO(001) suggest low-temperature

MExFM studies also of the MnO(001) surface. The drastic differences in the chemical

and magnetic contrast in Fig. 6.9 with respect to NiO(001) should be detectable.
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7. Summary and Conclusions

Ab-initio calculations within the framework of density functional theory have been per-

formed in order to investigate various physical properties of the 3d TMOs and their (001)

surfaces. Thereby, local and semi-local XC functionals were employed together with an

on-site Coulomb correction to describe the electron-electron interaction within the TM 3d

shell properly. Spin-orbit coupling effects were included in a fully self-consistent man-

ner. Additionally, the transversal electron-electron interaction, described by a magnetic

dipole-dipole interaction term, was taken into account as a small perturbation. As a con-

sequence, we had to allow for the possibility of non-collinear spins as well as an additional

break of the rhombohedral symmetry of the TMO bulk crystals with antiferromagnetic

ordering AFM II. While this treatment is computationally significantly more demanding

compared to symmetry-constrained calculations and the approximation of collinear spins,

it was shown in this thesis to be fundamental for a proper treatment of the two materials

FeO and CoO with a partially filled TM 3d-t2g sub-shell. Nevertheless, it was also shown

in this thesis, that a proper description of exchange and correlation for the electrons in

the partially filled TM 3d is required in order to obtain highly accurate results. The

inclusion of gradient corrections provides a better description of many properties, but

leads to an unphysical quenching of the orbital magnetization of the TM 3d shell.

For the first time, the spatial orientation of the local magnetic moments in the TM2+ ions

has been calculated self-consistently by ab-initio methods. It was shown, that a close re-

lation between the orientation of the local magnetic moments of the TM2+ ions and other

physical properties, such as geometric distortions of the crystal structure or the anisotropy

of the dielectric tensor, exists for all TMOs, but most dominantly for FeO and CoO due

to their partially filled TM 3d-t2g sub-shell. Based on our findings, we proposed a simple

approach to determine the orientation of the local magnetic moments in FeO by means

of optical measurements, e.g. optical absorption measurements or reflexion-anisotropy

spectroscopy (RAS), rather than the more elaborate neutron-scattering experiments that

are the quasi-standard for this task.

Studying the influence of a spatial symmetry break due to the surface for the neutral

(001) cleavage surface, we found that not only the magnitude of the magnetic moments
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of the TM2+ ions in the surface layer is altered for all TMOs except MnO, but also that a

reorientation with respect to the deeper bulk-like layers occurs for the FeO(001) surface.

The observed rumpling and relaxation of the TMO(001) surfaces are found to be small

and the distortions take on typical values for ionic crystals. The electronic structure is

only weakly influenced by the spatial symmetry break due to the surface. No pronounced

surface states exist in the fundamental gap, except for NiO. Therefore, bulk like behavior

is observed in good approximation.

Finally, the application of magnetic surface-probing techniques to the TMO(001) surfaces

was studied. In particular, (SP-)STM images and MExFM images were calculated. For

the calculation of the (SP-)STM images, the generalized Tersoff-Hamann approximation

was applied which takes into account non-collinear spins. The obtained (SP-)STM images

were interpreted with respect to the electronic structure and the local density of states

at the TMO(001) surfaces. Our results might help not only to find proper parameters for

future (SP-)STM experiments but also to interpret the obtained images. The MExFM

images of the MnO(001) and NiO(001) surfaces were obtained by means of fully self-

consistent calculations of the complex interaction between the surface atoms and an

approaching tip apex for many distances. In order to interpret the MExFM images, we

have investigated the redistribution of spin density depending on the tip-surface distance.

The difference in the MExFM images of the MnO(001) and NiO(001) surfaces can be

understood by the presence or absence of a weak spin-dependent bond between the tip

apex and the atoms in the TMO(001) surface.

Our results, which go far beyond the current state of knowledge about the 3d TMOs, will

hopefully inspire and guide new experiments and theoretical works. Various directions

for future theoretical works can be imagined. At first more sophisticated methods could

be applied at different levels. For example improved XC functionals could be used that

describe the interaction of the TM 3d electrons better. Further, the inclusion of quasipar-

ticle, local-field and excitonic effects might improve the description of optical properties.

Finally, more sophisticated models for the van-der-Waals interaction between the ferro-

magnetic tip and the TMO(001) surface might improve the calculated MExFM images.

Secondly, the methods studied in this thesis could also be applied to other magnetic sys-

tems. This might be particularly interesting for the proposed method to determine the

orientation of the local magnetic moments by means of optical measurements instead of

neutron-scattering experiments.
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Appendix





A. On-Site Coulomb Corrections:
SIC and DFT+U

The term on-site Coulomb corrections covers a wide range of closely related, yet different
methods. All of them have in common that they try to correct the improper on-site
treatment of XC by adding Hartree-Fock like correction terms. In this thesis, the DFT+U
approach of Dudarev et al. [64] is employed, but the results are compared with theoretical
works that also use the other on-site Coulomb correction methods provided here. In order
to emphasize the similarities and differences of the various methods a short overview is
provided here.

A.1. Self-Interaction Correction (SIC)

Perdew and Zunger [50] realized that (semi-)local XC functionals provide accurate total
energies while energy eigenvalues and, consequently, other derived energies such as the
fundamental band gap suffer from rather large errors. The basic idea behind the SIC
is that a fully occupied orbital should be self-interaction free as in Hartree-Fock theory,
where the Hartree and Exchange terms cancel each other, i.e.,

EH[nα,σ] + EXC[nα,σ, 0] = 0, (A.1)

where nα,σ = |ψα,σ|2 is the orbital spin density, EH[n] the Hartree energy (2.33), and
EXC[n

↑, n↓] is the exact XC functional for an arbitrarily spin-polarized electron gas.
However, the approximate treatment of EXC in DFT does not completely remove the
self-interaction and it holds

EH[nα,σ] + EDFT
XC [nα,σ, 0] 6= 0, (A.2)

Consequently, Perdew and Zunger suggested to remove the remaining self-interaction for
each state α, σ from the XC energy

ESIC
XC = EDFT

XC [n↑, n↓]−
∑

α,σ

(EH[nα,σ] + EDFT
XC [nα,σ, 0]) (A.3)

They further provide estimates for EH[nα,σ] + EDFT
XC [nα,σ, 0], i.e. the impact of the cor-

rection on the total energy as well as for the change of the energy eigenvalues ǫSIC
α,σ − ǫLDA

α,σ

EH[nα,σ] + EDFT
XC [nα,σ, 0] ≤ 0.16

∫

dr n4/3
α,σ(r) (A.4)
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ǫSIC
α,σ − ǫLDA

α,σ ≈ −0.94

∫

dr n4/3
α,σ(r). (A.5)

It becomes clear, that SIC significantly shifts energy eigenvalues to lower energies, while
at the same time the total energy is only slightly lowered. This effect plays practically
only a minor role for extended states, e.g. valence electrons in covalent bonds, but may
significantly influence the localized states, e.g. the TM 3d states.

A.2. DFT+U according to Anisimov et al.

It is well known that Coulomb repulsion and exchange are the most important contri-
butions to the total energy in atoms and that the Hartree-Fock approximation works
generally not to bad for excitation energies of atoms (Koopmans’ theorem [188]). The
multipole expansion of the Coulomb kernel v(ri − rj) = e2/4πǫ0|ri − rj| in spherical
coordinates yields [189]

v(ri − rj) =
e2

4πǫ0

∑

k

rk<
rk+1
>

k
∑

q=−k

Ck
q (i)C

k∗
q (j) with (A.6)

Ck
q =

√

4π

2k + 1
Y k
q (θ, φ) (A.7)

and for the reduced matrix elements of (A.7) it holds

〈lm|Ck
q |l′m′〉 = (−1)m

√

(2l + 1)(2l′ + 1)

(

l k l′

0 0 0

)(

l k l′

−m q m′

)

(A.8)

where
(

j1 j2 j3
m1 m2 m3

)

are Wigner-3j symbols [189].

In their approach, Anisimov et al. [62] calculate the Hartree-Fock energy only for strongly
localized atom-like shells of a certain orbital momentum quantum number l close to the
Fermi level. Further, the theory is restricted to systems where all sub-shells of shell l,
for example introduced by crystal field effects, are either occupied or empty and where,
consequently, the on-site density matrix is diagonal. An example is the 3d shell of the
Ni2− ion in NiO, where the t2g sub-shell is occupied and the eg sub-shell is empty. It
holds then

EHF
l =

1

2

∑

m,m′

σ

{

〈m,m′|Vee|m,m′〉 nσ
mm(n

σ
m′m′ + n−σ

m′m′)

− 〈m,m′|Vee|m′,m〉 nσ
mmn

σ
m′m′

}

(A.9)
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A.3 DFT+U according to Liechtenstein et al.

with the matrix elements of the on-site density matrix nσ
mimj

and the matrix elements of
the Coulomb interaction

〈m,m′|Vee|m′′,m′′′〉 =
∑

k

F k

k
∑

q=−k

〈m|Ck
q |m′′〉〈m′|Ck∗

q |m′′′〉, k = 2n, n = 1 . . . l (A.10)

where F k denote the Slater integrals. Instead of calculating the Slater integrals F k,
Anisimov et al. [62] employ effective parameters U and J and certain (empirical) relations
between the Slater integrals F k. For d electrons (l = 2) it holds F 0 = U , F 2 = 14/1.625J
F 4 = 0.625F 2. Generally, the parameters U and J are chosen much smaller than the
exact Slater integrals in order to recover the splittings of the energy eigenvalues correctly.
This can be understood as the inclusion of screening effects to the bare Coulomb kernel.

Since the (semi-)local approaches cover already a large fraction of the interaction among
the strongly-localized electrons the resulting double counting has to be removed from the
total energy. Anisimov et al. [62] assume that for (semi-)local functionals

1. the contribution of the Coulomb energy of the localized electrons in shell l to the
total energy is (on average) a good approximation, i.e., (semi-)local functionals are
(on average) self-interaction free

2. pair-exchange is only covered partially on the level of an unpolarized electron gas.

While assumption 1 is certainly valid in general (cf. A.1), assumption 2 is only valid
only for non-spinpolarized XC functionals, e.g. LDA instead of LSDA, the case for which
the DFT+U method of Anisimov et al. was formulated. The double counting term is
therefore

EDC
l ≈ U

2
Nl(Nl − 1)− J

2
Nl

(

Nl

2
− 1

)

(A.11)

with Nl =
∑

σ

∑l
m=−l n

σ
mm. Lumping EHF

l and EDC
l together as a correction to the XC

energy, it holds
EDFT+U

XC = EDFT
XC + EHF

l − EDC
l . (A.12)

While the contribution of the correction term to the total energy is generally small, the
energy eigenvalues are shifted significantly.

A.3. DFT+U according to Liechtenstein et al.

Liechtenstein et al. [63] removed the restrictions to diagonal on-site density matrices and
assumption 2 regarding the double counting of the Anisimov approach. In the Liechten-
stein formulation of DFT+U, it follows for the Hartree-Fock energy

EHF
l =

1

2

∑

m,m′

m′′,m′′′

σ

{

〈m,m′|Vee|m′′,m′′′〉 nσ
m,m′′(nσ

m′,m′′′ + n−σ
m′,m′′′)

− 〈m,m′|Vee|m′′′,m′′〉 nσ
m,m′′nσ

m′,m′′′

}

(A.13)
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with the matrix elements of the on-site density matrix nσ
mimj

and the matrix elements
of the Coulomb interaction according to (A.10). The Slater integrals F k obey the same
relations as in the original formulation of Anisimov et al..

Regarding the double counting only the assumption regarding the treatment of exchange
in (semi-)local XC functionals is changed and Liechtenstein et al. [63] assume that for
(semi-)local functionals

1. the contribution of the Coulomb energy of the localized electrons in shell l to the
total energy is (on average) a good approximation, i.e., (semi-)local functionals are
(on average) self-interaction free

2. the contribution of pair-exchange of the localized electrons in shell l to the total
energy is (on average) a good approximation also for spinpolarized electron densi-
ties.

The double counting term is therefore

EDC
l ≈ U

2
Nl(Nl − 1)− J

2

∑

σ

Nσ
l (N

σ
l − 1). (A.14)

with Nσ
l =

∑l
m=−l n

σ
mm and Nl =

∑

σN
σ
l .

A.4. DFT+U according to Dudarev et al.

Dudarev et al. [64] simplified the approximation of Liechtenstein et al. [63] by using only
spherical averages of the Coulomb matrix elements. It follows

EDFT+U
XC = EDFT

XC +
Ueff

2

∑

σ

(Trl(nσ)− Trl(nσnσ)) (A.15)

with Ueff = U − J and the trace over states in shell l in the on-site density matrix n.
Changing to the eigenbasis with eigenvalues nα,σ, (A.15) becomes [110]

EDFT+U
XC = EDFT

XC +
Ueff

2

∑

α,σ

(nα,σ(1− nα,σ)). (A.16)

The correction term adds a small positive contribution to the total energy for 0 < nα,σ < 1
and vanishes exactly if all occupation numbers nα,σ are either 0 or 1. However, the
energy eigenvalues are shifted significantly. Neglecting self-consistency effects it holds
approximately

ǫDFT+U
α,σ − ǫDFT

α,σ ≈ Ueff

(

1

2
− nα,σ

)

, (A.17)

i.e., fully occupied states of shell l are shifted to lower energies by Ueff/2, whereas empty
states of shell l are shifted to higher energies by Ueff/2.
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A.5 DFT+U according to Seo

The above results would also be obtained starting from the Liechtenstein approach and
choosing U = Ueff and J = 0. This can be interpreted such, that (semi-)local XC func-
tionals treat pair-exchange of localized electrons (∝ J) correctly and need no correction
in that respect. Only the effect of Coulomb repulsion (∝ U) on the energy eigenvalues is
not treated properly by (semi-)local XC functionals.

A.5. DFT+U according to Seo

Seo [190] criticized that the aforementioned DFT+U approaches do not remove self-
interaction completely and proposed a different correction term. Taking only spherical
averages into account similar to Dudarev et al. [64], Seo obtains

EDFT+U
XC = EDFT

XC − Ueff

2

∑

α,σ

n2
α,σ (A.18)

with Ueff = U − J and for the energy eigenvalues it holds approximately

ǫDFT+U
α,σ − ǫDFT

α,σ ≈ −Ueffnα,σ. (A.19)

Similar to the SIC method in A.1, both the total energy as well as the energy eigenvalues
are shifted towards lower energies.

The above results would also be obtained starting from the Liechtenstein approach, choos-
ing U = Ueff and J = 0, i.e., the Dudarev approximation, but using a different double
counting term

EDC
l ≈ U

2
NlNl. (A.20)

The different double counting corresponds to the assumption that (semi-)local XC func-
tionals are not even on average self-interaction free in contrast to assumption 1 in A.2
and A.3.
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B. Analytical model for the
occupied minority-spin t2g states

Using VASP, the eigenvalues and eigenvectors related to the contribution of the TM-3d
states to the on-site density matrix can be calculated and, hence, the numerical coeffi-
cients of the occupied t2g states are known. While in MnO and NiO all t2g states are
either empty or occupied this is not the case in FeO and CoO. Instead, arbitrary linear
combinations of the t2g basis functions |xy〉, |yz〉, and |zx〉 might be occupied and indeed
within GGA+U and LDA+U different results are obtained. In order to understand the
physics of the electrons in a partially filled t2g shell, an analytical model of the occupied
t2g states is helpful. The occupied t2g states obtained in GGA+U are rather simple linear
combinations, that can be easily derived from the numerical coefficients obtained in VASP.
In contrast, the numerical coefficients of the occupied t2g states obtained in LDA+U are
significantly more complex and an analytical model cannot be derived directly. However,
since LDA+U results in occupied states carrying orbital magnetic moments of roughly
1 µB along a certain easy axis, these constraints can be used to find approximate linear
combinations of the t2g basis functions |xy〉, |yz〉, and |zx〉, even when the numerical
coefficients are ignored a-priori. Comparing with the numerical coefficients a-posteriori

validates the analytically derived coefficients.

B.1. FeO

B.1.1. GGA+U

In GGA+U the analytical coefficients are easily derived from the numerical ones. One
finds for the only occupied state:

|ΨGGA+U〉 =
−1√
2

(

|yz〉 − |zx〉
)

. (B.1)

B.1.2. LDA+U

If the discretization axis of the orbital magnetic moments is rotated away from the Carte-
sian z axis along [001] into a new z′ axis along [111], a new set of basis functions |x′y′〉,
|y′z′〉, |z′x′〉, |3z′2− r2〉, and |x′2− y′2〉 can be defined and expressed in terms of the basis
functions |xy〉, |yz〉, |zx〉, |3z2 − r2〉, and |x2 − y2〉 in the original coordinate system [61].
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It holds [61]:

|x′y′〉 = −1√
3

(

|x2 − y2〉+ |yz〉 − |zx〉
)

(B.2)

|y′z′〉 = 1√
6

(

2|x2 − y2〉 − |yz〉+ |zx〉
)

(B.3)

|z′x′〉 =
√

2

3
|3z2 − r2〉 −

√
2

6
(2|xy〉 − |yz〉 − |zx〉) (B.4)

|3z′2 − r2〉 = 1√
3
(|xy〉+ |yz〉+ |zx〉) (B.5)

|x′2 − y′
2〉 = 1√

3
|3z2 − r2〉+ 1

3
(2|xy〉 − |yz〉 − |zx〉) (B.6)

These real valued basis functions can be combined to obtain orbital momentum eigen-
functions with l̂z′ |m′

l〉 = m′
l|m′

l〉 and with eigenvalues m′
l = −2′ . . . 2′, where the primed

notation was chosen to indicate, that the orbital magnetic moments of the states |m′
l〉

are oriented along z′, i.e. [111]. It holds:

| − 2′〉 = 1√
2

(

|x′2 − y′
2〉 − i|x′y′〉

)

=
1

2
√
3

(

√
2|3z2 − r2〉+

√

2

3

[

2|xy〉 − |yz〉 − |zx〉
]

+ i
√
2
[

|x2 − y2〉+ |yz〉 − |zx〉
]

)

(B.7)

| − 1′〉 = 1√
2

(

|z′x′〉 − i|y′z′〉
)

=
1

2
√
3

(

2|3z2 − r2〉 −
√

1

3

[

2|xy〉 − |yz〉 − |zx〉
]

− i
[

2|x2 − y2〉 − |yz〉+ |zx〉
]

)

(B.8)

|0′〉 =|3z′2 − r2〉

=
1√
3

(

|xy〉+ |yz〉+ |zx〉
)

(B.9)

|1′〉 =−1√
2

(

|z′x′〉+ i|y′z′〉
)

=
−1

2
√
3

(

2|3z2 − r2〉 −
√

1

3

[

2|xy〉 − |yz〉 − |zx〉
]

+ i
[

2|x2 − y2〉 − |yz〉+ |zx〉
]

)

(B.10)
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|2′〉 = 1√
2

(

|x′2 − y′
2〉+ i|x′y′〉

)

=
1

2
√
3

(

√
2|3z2 − r2〉+

√

2

3

[

2|xy〉 − |yz〉 − |zx〉
]

− i
√
2
[

|x2 − y2〉+ |yz〉 − |zx〉
]

)

. (B.11)

Except for |3z′2−r2〉 all other states |m′
l〉 mix t2g (|xy〉, |yz〉, |zx〉) and eg states (|3z2−r2〉,

|x2 − y2〉). However, this is energetically unfavorable due to the energy splitting between
t2g and eg states in the octahedral crystal field of the O2− ions.

In order to construct a state |ΨLDA+U[111]〉 that carries an orbital magnetic moment of
1 µB along [111] and is constructed from t2g states alone, the states |m′

l〉 have to mixed
properly. This can be achieved by

|ΨLDA+U[111]〉 =
√

2

3
|2′〉 −

√

1

3
| − 1′〉 (B.12)

=
1

2

(

1√
3

[

2|xy〉 − |yz〉 − |zx〉
]

− i
[

|yz〉 − |zx〉
]

)

. (B.13)

Clearly, |ΨLDA+U[111]〉 depends only on t2g states and fulfills:

〈ΨLDA+U[111]|ΨLDA+U[111]〉 =
2

3
〈2′|2′〉+ 1

3
〈−1′| − 1′〉 = 1 and (B.14)

〈ΨLDA+U[111]|l̂z′ |ΨLDA+U[111]〉 =
(

√

2

3
〈2′| −

√

1

3
〈−1′|

)(

√

2

3
l̂z′ |2′〉 −

√

1

3
l̂z′ | − 1′〉

)

=

(

√

2

3
〈2′| −

√

1

3
〈−1′|

)(

√

2

3
2′|2′〉 −

√

1

3
(−1′)| − 1′〉

)

=
2

3
2′〈2′|2′〉+ 1

3
(−1′)〈−1′| − 1′〉

= 1′. (B.15)

B.2. CoO

B.2.1. GGA+U

As for FeO, the analytical coefficients are easily derived from the numerical ones obtained
in GGA+U. One finds for the two occupied states:

|Ψ1
GGA+U〉 =

1√
2

(

|yz〉+ |zx〉
)

and (B.16)

|Ψ2
GGA+U〉 = |xy〉. (B.17)
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B.2.2. LDA+U

In LDA+U, two energetically almost degenerate solutions are obtained. One solution
carries an orbital magnetic moment of roughly 1 µB along the [1̄1̄1.5] direction and the
other one along the [1̄10] direction.

Since, the [1̄1̄1.5] is rather close to [1̄1̄1], the results for FeO in Section B.1.2 can be used in
a slightly modified way to obtain an approximate model for the first solution. Therefore,
the basis transformation and construction of the orbital momentum eigenstates is not
repeated here. It holds for one of the two occupied states approximately

|Ψ1
LDA+U[1̄1̄1]〉 =

√

2

3
|2′〉 −

√

1

3
| − 1′〉 (B.18)

=
1

2

(

1√
3

[

2|xy〉+ |yz〉+ |zx〉
]

− i
[

− |yz〉+ |zx〉
]

)

, (B.19)

where, the primed notation is now used to indicate orbital momentum eigenstates with a
discretization axis along [1̄1̄1]. Only two other linearly independent linear-combinations
are possible:

|Ψ2〉 = |0′〉 = |3z′2 − r2〉

=
1√
3

(

− |xy〉+ |yz〉+ |zx〉
)

(B.20)

|Ψ3〉 = |Ψ1
LDA+U[1̄1̄1]〉∗

=
1

2

(

1√
3

[

2|xy〉+ |yz〉+ |zx〉
]

+ i
[

− |yz〉+ |zx〉
]

)

. (B.21)

While |Ψ2〉 does not carry an orbital moment, |Ψ3〉 corresponds to a state with orbital
moment of -1 µB along [1̄1̄1]. Since the total orbital moment must be 1 µB along [1̄1̄1],
the second occupied state can be identified as:

|Ψ2
LDA+U[1̄1̄1]〉 = |Ψ2〉 = 1√

3

(

− |xy〉+ |yz〉+ |zx〉
)

. (B.22)

For the other LDA+U solution with an orbital moment of roughly 1 µB along [1̄10], the
basis transformation to a system with z′ axis along [1̄10] is given by

|x′y′〉 = 1

2

(

−
√
3|3z′2 − r2〉+ |xy〉

)

(B.23)

|y′z′〉 = 1

2

(√
2|x2 − y2〉 − |yz〉+ |zx〉

)

(B.24)

|z′x′〉 = 1

2

(√
2|x2 − y2〉+ |yz〉 − |zx〉

)

(B.25)

|3z′2 − r2〉 = −1

2

(

|3z2 − r2〉+
√
3|xy〉

)

(B.26)
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|x′2 − y′
2〉 = 1√

2

(

|yz〉+ |zx〉
)

(B.27)

The corresponding orbital momentum eigenfunctions along [1̄10] are then

| − 2′〉 = 1√
2

(

1√
2

[

|yz〉+ |zx〉
]

− i

2

[

|xy〉 −
√
3|3z2 − r2〉

]

)

(B.28)

| − 1′〉 = 1

2
√
2

(

√
2
(

1− i
)

|x2 − y2〉+
(

1 + i
)[

|yz〉 − |zx〉
]

)

(B.29)

|0′〉 =−1

2

(

|3z′2 − r2〉+
√
3|xy〉

)

(B.30)

|1′〉 = −1

2
√
2

(

√
2
(

1 + i
)

|x2 − y2〉+
(

1− i
)[

|yz〉 − |zx〉
]

)

(B.31)

|2′〉 = 1√
2

(

1√
2

[

|yz〉+ |zx〉
]

+
i

2

[

|xy〉 −
√
3|3z2 − r2〉

]

)

. (B.32)

In order to obtain a linear-combination that depends only on t2g states and carries and
orbital moment of 1 µB along [1̄10], these functions have to be combined properly. One
finds

|Ψ1
LDA+U[1̄10]〉 =

3

4
|2′〉+ 1

4
| − 2′〉+ i

√

3

8
|0′〉 (B.33)

=
1

2

(

|yz〉+ |zx〉 − i
√
2|xy〉

)

, (B.34)

Only two other linearly independent linear-combinations are possible:

|Ψ2〉 = 1

2

(

(

1− i
)

| − 1′〉 −
(

1 + i
)

|1′〉
)

=
1√
2

(

|yz〉 − |zx〉
)

(B.35)

|Ψ3〉 = |Ψ1
LDA+U[1̄10]〉∗

=

(

|yz〉+ |zx〉+ i
√
2|xy〉

)

. (B.36)

Again, |Ψ2〉 does not carry an orbital moment whereas |Ψ3〉 corresponds to a state with
orbital moment of -1 µB along [1̄10]. Since the total orbital moment must be 1 µB along
[1̄10], the second occupied state can be identified as:

|Ψ2
LDA+U[1̄10]〉 = |Ψ2〉 = 1√

2

(

|yz〉 − |zx〉
)

(B.37)
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Zusammenfassung

Mit Hilfe von Ab-initio-Rechnungen wurden verschiedene physikalische Eigenschaften der

3d Übergangsmetalloxide (TMOs) und ihrer Oberflächen untersucht. Dabei wurde die

Spin-Bahn-Kopplung selbst-konsistent berücksichtigt. Weiterhin wurde die transversale

Elektron-Elektron-Wechselwirkung, beschrieben durch einen magnetischen Dipol-Dipol-

Wechselwirkungsterm, als Störung berücksichtigt. Als Konsequenz daraus müssen die

Möglichkeit nicht-kollinearer Spins sowie ein Bruch der rhomboedrischen Symmetrie der

TMO-Kristalle mit antiferromagnetischer Ordnung AFM II zugelassen werden. Wenn-

gleich dieses Verfahren mehr Rechenaufwand erfordert als Rechnungen mit eingeschränk-

ter Symmetrie und in kollinearer Näherung, konnte in dieser Arbeit gezeigt werden, dass

es für eine korrekte Beschreibung der Materialien FeO und CoO zwingend notwendig ist.

Erstmalig konnte die räumliche Orientierung der lokalen magnetischen Momente der

TM2+-Ionen mit Ab-initio-Methoden berechnet werden. Es wurde gezeigt, dass es eine en-

ge Beziehung zwischen der Orientierung der lokalen magnetischen Momente und anderen

physikalischen Eigenschaften, z.B. der Störung Kristallstruktur oder der Anisotropie des

dielektrischen Tensors, gibt. Dies ist insbesondere für FeO und CoO der Fall. Basierend

auf diesen Ergebnissen wurde vorgeschlagen die Orientierung der lokalen magentischen

Momente in FeO anhand einfacher optischer Messungen, z.B. durch Absorptionsmessun-

gen oder Reflexionsanisotropie-Spektroskopie, zu bestimmen anstatt durch aufwändige

Neutronenstreuungs-Experimente.

Aufgrund des Symmetriebruches an der TMO(001)-Oberfläche ändert sich nicht nur

Betrag der lokalen magentischen Momente der TM2+-Ionen in der Oberflächenschicht,

sondern im Falle der FeO(001)-Oberfläche erfolgt auch eine Neuausrichtung relativ zu

den tiefer liegenden Schichten. Zur Untersuchung verschiedener magnetischer Rasterson-

denmikroskopie-Methoden wurden (SP-)STM- und MExFM-Bilder für die TMO(001)-

Oberflächen berechnet. Die (SP-)STM-Bilder wurden im Zusammenhang mit der lokalen

Zustandsdichte interpretiert. Zur Interpretation der MExFM-Bilder wurde die komple-

xe Wechselwirkung zwischen einer magentischen Spitze und den Oberflächenatomen bei

Annäherung der Spitze an die Oberfläche untersucht. Für beide Verfahren wurden Vor-

hersagen für zukünftige Experimente gemacht.
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