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Chapter 1

Introduction

With our human eyes, we could see the blue sky, green trees, red flowers, and so

on, all of which make up our colorful world. This is a macroscopic perspective.

When we look deep into the scale of so-called “nanometer”, everything changes. It

is another fascinating world governed by quantum mechanics whose effects can be

observed by powerful microscopes and spectroscopes. The technological applica-

tions under nanometer are referred to as nanotechnology, which becomes a popular

word whatever you understand what its real meaning is. The first use of the con-

cepts in “nanotechnology” was in a talk given by Richard Feynman, There’s Plenty

of Room at the Bottom, in 1959. In that talk he described a process by which the

ability to manipulate individual atoms and molecules might be developed, using

one set of precise tools to build and operate another proportionally smaller set,

so on down to the needed scale. As time passes by, more and more technological

innovations regarding nanotechnology become reality or at an advanced stage of

research and development, such as the improvements in catalyst particles, coat-

ing materials, microscopic scale lithography, medicines to fight against cancer or

other diseases, hard disk readers, quantum computing, etc.. Due to the promising

revolution in our daily life, a large number of research centers either supported

by governments or by companies, especially in developed countries such as USA,

Japan, Germany, UK and France, has been investing numerous funds into this

exciting area.

1



Introduction 2

As we benefit from the amazing technological advances, it is necessary to con-

duct a thorough theoretical and experimental study of them. In this thesis we

describe the theory of magnetism in nanostructures of transition metals. When

the dimension of these materials are down to 10 nm, new magnetic properties

emerge, such as large magnetic moments in free clusters [1, 2], dynamic exchange

coupling [3], spin waves [4, 5] and giant magnetoresistance (GMR) [6, 7]. These

properties lead to applications in permanent magnets, high-density data storage

devices [8, 9], new magnetic refrigeration systems [10], agents amplifiers for mag-

netic resonance imaging [11], catalysis [12] and administration of controlled drugs

[13]. Taking GMR as an example, we could imagine the great successes that nan-

otechnology has achieved to change our lives. In the late 1980s, two groups led by

Albert Fert in France and Peter Grünberg in Germany discovered independently

the existence of GMR in multilayers of transition metals (Fe and Cr). Now this

technology is commercially used by manufacturers of hard disk drives. And the

two physicists were awarded the Noble Prize in physics in 2007 for the discovery

of GMR.

With regard to the experimental techniques, one of the most important instru-

ments is the scanning tunneling microscope (STM). Its development in 1981 earned

its inventors, Gerd Binning and Heinrich Rohrer [14–16] (at IBM Zürich), the No-

bel Prize in physics in 1986. STM makes it possible to resolve the atomic structure

of surfaces. And during the last two decades, the techniques of microscopy such

as the scanning tunneling spectroscopy (STS) have been significantly developed.

On the other hand, in order to implement these observing techniques, the method

of preparing samples also advances, e.g., the epitaxial growth technique which can

be used to produce thin films of metals and semiconductors [17–19], especially

those made of magnetic metals, leading to the fabrication of spin electronic de-

vices. Compared to traditional electronics, which only use the charge information

of electrons, e.g., electric current and voltage, the new “spintronics” takes into

account additionally the spin information. Every electron could be regarded as a

carrier of a bit. It sheds light on the possibility to achieve the storage device of

ultrahigh density.
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To investigate surfaces and interfaces of thin films, different methods are em-

ployed such as the photoelectron spectroscopy with spin polarization (SP-PES),

spin polarized low energy electron diffraction (SP-LEED), X-ray magnetic circu-

lar dichroism (XMCD), magneto-optical Kerr effect (MOKE) etc. However, these

techniques are not capable of resolving information of magnetism at the atomic

scale. The atomic force microscopy (AFM) is able to obtain a resolution of 30 nm

in high vacuum [20] and scanning electron microscopy with polarization analysis

(SEMPA) shows a resolution up to 5 nm [21], still far from the atomic scale. When

STM and STS are used with a magnetic tip, they become a technique (SP-STM

and SP-STS) that is able to study, at the atomic scale, the geometric structure as

well as the electronic and magnetic properties of magnetic films at the same time.

There are three ways to capture the magnetic information on surfaces. The first

one would be the SP-STM, which produces a constant current topographic image.

The theory of SP-STM was developed by Heinze and Blügel[22]. The weakness

of SP-STM is that the magnetic information is mixed with other effects, as there

may be a strong interaction between tip and sample. In the second method (SP-

STS), introduced by Wiesendanger et al [23, 61], what you get is the derivative of

current to voltage, dI/dV by modulating the voltage in the sample. If you choose

a high enough voltage, you can exclude the interactions between the tip and the

sample, and detect only the electronic structure and the magnetic properties. The

third method is based on the second. The objects is to obtain more accurate

quantitative results. It is to get the curve I(V ) as a function of voltage.

In the systems with good symmetry, in general, the magnetic moments would

align parallelly (ferromagnetic) or antiparallelly (antiferromagnetic). But the ma-

terials in the real world inevitably contain various defects or impurities. Due to

these imperfections, the configuration of magnetic moments will distort and align

noncollinearly according to the corresponding geometrical or chemical imperfec-

tions, which leads to the magnetic frustration. During the past 25 years, much

attention have been paid to the models of frustration [24]. The word “frustration”

was introduced by G. Toulouse [25] and J. Villain [26] to describe the situation in

which a spin (or a number of spin) can not find an orientation to fully satisfy all
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Figure 1.1: Example of an antiferromagnetic system with magnetic frustration
(left). In the collinear framework, it is not possible to determine the orientation
of the spin on the top of the triangle. A possible noncollinear configuration is

given on the right figure.

the interactions with its neighboring spins. In general the frustration can result

from geometrical or chemical reasons. In a geometrically frustrated system, the

geometry of the lattice precludes the simultaneous minimization of all interactions.

A typical example of the 2-dimensional antiferromagnetic triangle is shown in Fig-

ure 1.1, which shows a frustrated system because three neighboring spins cannot

be pairwise antialigned. Indeed, if two spins on the vertices of the triangle align

collinearly, the third one is impossible to comply with the collinearity. This prob-

lem can be solved if the spins are allowed to rotate until they feel good, that is,

the energy is minimal. A possible noncollinear configuration is shown in the right

panel of Figure 1.1. Another category of frustration could result from the change

in local chemical environment. If an atom is removed or replaced by another kind

of atom, the remaining atoms must respond to change their magnetic moments,

which leads to noncollinearity.

The study of noncollinear magnetism of transition metals and its response to

external magnetic fields is the aim of this thesis. The relevant studies in calculating

magnetic structures in transition metals, but without external magnetic fields,

have been the major topic in the PhD theses of R. Robles [27] and E. Mart́ınez

[28]. In their works, the systems they calculated included Cr clusters on Cu

substrate, Fe clusters on Al substrate, Mn film on Fe substrate and Cr steps on
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Fe substrate. In this study we extend the investigation of magnetic properties of

transition metals to incorporate the interaction with external magnetic fields. Fe

is typical ferromagnetic, and Cr is typical antiferromagnetic, the competition in

their interface leads to magnetic frustration. Mn possesses very complex magnetic

properties in nature, it also results in magnetic frustration. So in this study we

choose two systems to investigate the evolution of frustrated magnetic structures

under external magnetic fields: 6 Mn layers on fe substrate and Cr on a stepped

Fe substrate.

In the theoretical side, we implement a semi-empirical tight-binding (TB) method,

parameterized by a fit to the ab initio tight-binding linear muffin-tin orbitals

method (TB-LMTO), to calculate the noncollinear magnetism. Compared to R.

Robles and E. Mart́ınez’s method, a term corresponding to the interaction with

external magnetic fields is introduced into the Hamiltonian. This method pro-

vides a possibility to calculate magnetic systems with relatively huge number of

inequivalent sites, typically hundreds. Although several simplifications have been

made in this method, the self-consistent calculation ensures relatively accuracy in

our calculations. It may shed light on the nature of noncollinear magnetic systems

under external magnetic fields and more applications, such as information storage

devices, in other systems. Furthermore, the external magnetic field can be applied

locally at each site in our TB method. Although at present it is not possible to

apply so localized magnetic field in experiment at present, it also has theoretical

meaning. And once so localized field can be obtained in experiment in the future,

the storage density of storage devices could be increased drastically. In this work,

we only consider uniform external magnetic fields.

The structure of this thesis is organized as follows. In chapter 2, we present

a description of the theoretical method used to study electronic and magnetic

properties in transition metals. Chapter 3 provides an application of this method

in the system of 6 Mn layers supported on Fe substrate. Chapter 4 present another

application in the system of an Cr monolayer on stepped Fe substrate and the cases

with one to four Cr lines on this system. To conclude, Chapter 5 summarizes the

thesis and gives perspectives for further study.
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Chapter 2

Theoretical Method

2.1 Introduction

Electronic structure is one way connecting physical phenomena and theories in

solid state physics. Once the electronic structure of a system is known, various

mechanical, electronic, magnetic and optical properties of this system can be sub-

sequently obtained. Currently, there are many methods to calculate electronic

structures. The most widely employed methods are the so-called first principles

or ab initio methods, which, understood from its name, provide an effective way

to obtain electronic structures only with inputs of the geometry 1 and chemi-

cal composition of the system, no additional parameter is needed. The ab initio

method are mostly based on the density functional theory (DFT) developed by

P. Hohenberg and W. Kohn [29] and W. Kohn and L. J. Sham [30]. Among the

advantages of this method, the notable ones are the accuracy of computation and

the simplicity and essentiality of parameters. However, because of the requirement

of symmetry of the considered system and the large consumption of computing

1mainly the lattice sturcture. Some programs can make geometrical optimization to obtain
the lattice constant, such as CRYSTAL and VASP. Some programs do not make the calculation
of relaxation, input of lattice constant is necessary to run the calculation, such as TB-LMTO.

7
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power and memory, this method is not reasonable for the calculation of very com-

plex systems2. An alternative category of methods of calculating the electronic

structure is the semi-empirical methods, which are formulated from some sim-

ple physical ideas. Therefore, these methods are aimed to understand particular

physical mechanisms. They need some parameters from experiments or from more

basically first principle calculations. The accuracy depends on the suitability of the

physical model and the accuracy of parameters. In many cases, the semi-empirical

methods are designed to understand the qualitative, rather than the quantitative,

properties of a particular phenomenon. Due to the simplification of theory in

these methods, the computing power is considerably reduced with respect to the

ab initio methods. And the release of the requirement of strict symmetry makes it

possible to calculate complex structures with less symmetry. Another method of

calculating electronic structures is the Green’s function method whose strongpoint

is to develop the properties of excited states [31, 32].

The tight-binding (TB) or linear combination of atomic orbitals [33, 34] (LCAO)

method, which is a semi-empirical method, is a relatively effective and simple

method to calculate electronic structure. This method has been used for a long

time in the group of Valladolid led by Prof. Vega to investigate the magnetic

properties of transition metals in various systems, including clusters, surfaces and

interfaces, in either collinear framework or noncollinear framework. The parame-

ters in the TB method are extracted from a fit to the ab initio TB-LMTO method

developed by O. K. Andersen et al [35, 36]. In this thesis we use the TB method

to consider the response of magnetic properties under external magnetic fields in

the noncollinear framework, that is, the magnetic moments may rotate, rather

than only reduce or enhance in magnitude, to comply with the change of external

magnetic field.

2For nonsymmetrical systems, one could construct the supercell to enclose the nonsymmetrical
structure. In this case, the whole space is fictitiously filled with infinite supercells, the system
can be treated to be “symmetric”, then the ab initio methods can be used. But the number of
inequivalent sites in the supercells is normally large, which leads huge consumption of computing
time.
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In the following sections we briefly introduce the TB-LMTO method and simu-

late the systems containing surfaces and interfaces in this method. Then we derive

the TB Hamiltonian in the noncollinear framework, introduce the self-consistent

calculation process and finally analyze the parametrization.

2.2 TB-LMTO method

The TB-LMTO method is one of the methods that were derived from the origi-

nal LMTO method, developed by O. K. Andersen[35]. It is an all-electron full-

potential calculation approach, i.e., one considers the full potential of all atoms and

all the electrons in the system. This is a first principles method within the DFT

scheme, which has to solve the Kohn-Sham equation[30]. In this method, the whole

space is divided into spheres centered around each atom (the so called muffin-tin

spheres) and the remaining interstitial space among them. The potential of the

system is different in both regions. In the interior areas of muffin-tin spheres,the

potential varies strongly and is, in first approximation, spherical symmetric. In the

interstitial areas, the potential varies very little and in first approximation is con-

sidered constant. The Hamiltonian is solved in both regions and interconnected

by the boundary condition to obtain a valid solution in the whole space. The

LMTO method uses the assumption that the basis set of wave functions depends

on energy, but only in the first order, i.e., linear. Thus the equations are solved for

some values of energy (band centers) and is an expression to first order of energy

around the values chosen. The results will be much better as going closer to the

band center. So the method is particularly suitable for the study of narrow bands,

such as the d bands of transition metals.

If working with compact structures such as face-centered cubic (fcc) and body-

centered cubic (bcc), the crystal potential has spherical symmetry not only in

the proximity of the atoms, but also in the whole space. Therefore, the sphere

approximation can be extended to the atomic sphere approximation (ASA). This

approach replaces the muffin-tin spheres with Wigner-Seitz spheres, whose total



Theoretical Method 10

volume fills the whole system, i.e., the interstitial space is removed. This implies

that there are narrow overlapping areas between adjacent atoms. The ASA is

warranted only when the overlapping does not exceed a certain value, say, 16%[37].

To summarize, the TB-LMTO method is an LMTO method that uses the ASA

approximation and works with a much more localized electronic distribution than

in the original LMTO method. This method is both accurate (especially for narrow

d bands of transition metals) and computationally very efficient.

2.2.1 Modelling surfaces and interfaces within TB-LMTO

method

In this thesis we used the TB-LMTO method to calculate the parameters of sys-

tems that have a surface and an interface and also bulk systems. The TB-LMTO

method was originally designed to deal with large solids with a periodic crystal

structure in the three-dimensional space. In fact, this method works in the re-

ciprocal space and therefore needs to move to the k space. As a DFT method,

the precision of results depends on the number of k points that are used to per-

form the necessary integrations in the Brillouin zone. Transition metals have a

very complex Fermi surface, so that the number of k points needed is particularly

large. In all our calculations performed with TB-LMTO method to extract pa-

rameters the convergence has been achieved in the number of enough k points,

i.e., an additional increase of k points does not appreciably change the results.

However, by means of the supercell we could enclose the structure of surfaces

and interfaces in the supercell. Then the TB-LMTO method can be also used to

simulate systems with surfaces and interfaces. As a building block the supercell is

competed to construct a fictitious “periodic crystal”. We illustrate the construc-

tion of the system with a surface and an interface by a diagram, shown in Figure

2.1. There are two points we need to pay attention. Firstly, in order to simulate

the local environment of substrate, we design a mirror symmetric structure, in

the center of which the atoms (marked with C) should carry essentially the same
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Figure 2.1: The schematic diagram for modelling a system with a surface and
an interface in the TB-LMTO method. The red, black and grey circles represent
the substrate atoms, deposited films and fictitious “empty atoms”, respectively.
The black lines enclose the supercell, which is repeated indefinitely in three

directions of the space.
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property of the ones in the pure crystal. There must be enough layers of substrate

atoms to preserve this assumption. The atoms marked with I replicate the real

interface between the substrate and the deposited film that contains a number of

monolayers. Secondly, to achieve the aim of simulating the surface and to ensure

that there is no interaction among supercells, we must introduce enough empty

space between two blocks of atoms to prevent interaction among them. Within

the ASA, the empty space is simulated by the so-called empty spheres, which are

muffin-tin spheres without heart. Consider that this condition is met only when

the charge in the central layer of empty spheres (marked with E) is negligible. A

typical supercell to simulate the properties of substrate, interface and surface is

enclosed by the black rectangle.

2.3 TB method

As a TB model, the general wave function of an electron is expressed by a linear

combination of atomic orbitals located on the atom i with angular momentum

α = (l,m) and spin σ = (↑, ↓):

|Ψ〉 =
∑
iασ

aiασ|iασ〉. (2.1)

The electron-electron interaction is formulated based on the Hubbard model, de-

veloped by J. Hubbard [38–41] to deal with electron correlations in narrow energy

bands. With this Hamiltonian we subsequently generalize our model to the non-

collinear framework and incorporate the interaction with external magnetic fields.

2.3.1 The collinear Hamiltonian

In the Hubbard model, the Hamiltonian is divided into two parts: the body term

H0 and the electron-electron interaction term HI . We start from the Hamiltonian
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expressed in the language of second quantization,

H =
∑
i,j

∑

α,β,σ

Tαβ
ij ĉ†iασ ĉjβσ +

1

2

∑

iασ,jβσ′

′
Uiασ,jβσ′n̂iασn̂jβσ′ ,

≡ H0 + HI , (2.2)

where

Tαβ
ij =

∫
φ∗α(x−Ri)

[
− ~

2

2m
∇2 + V

]
φβ(x−Rj)dx, (2.3)

Uiασ,jβσ′ = (iασ, jβσ′|1
r
|iασ, jβσ′)

= e2

∫ |φασ(x−Ri)|2|φβσ′(x
′ −Rj)|2

|x− x′| dxdx′, (2.4)

φασ(x −Ri) is the wave function of the state at atom i, orbital α and with spin

σ. V represents the nuclear potential acting on the electrons together with the

self-consistent potential due to electrons in other bands. ĉ†iασ (ĉiασ) is the creation

(annihilation) operator of an electron on site i, orbital α and with spin σ. Uiασ,jβσ′

is the Coulomb integral, for terms with parallel spins Uσσ = U↑↑ = U↓↓, for terms

with antiparallel spins Uσσ′ = U↑↓ = U↓↑. The prime at the top right corner of

the summation symbol stands for the terms with index i = j, α = β, σ = σ′ are

excluded.

Let

Tαα
ii =

∫
φ∗α(x−Ri)

[
− ~

2

2m
∇2 + V

]
φα(x−Ri)dx ≡ ε0

iα (2.5)

be the energy of electron at atom i, orbital α, excluding the electron-electron

interaction energy. And define the residual terms

Tαβ
ij |i6=j ≡ tαβ

ij

to be the hopping integrals between an electron on site i, orbital α and an electron

on site j, orbital β to represent the effect of electronic delocalization. To calculate

these hopping integrals, we need a limited number of parameters regarding the

Slater-Koster two-center approximation [48], and in general they only depend on
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the considered material, the crystal packing and the distance between the consid-

ered atoms. Then the body term could be written as

H0 =
∑
i,α,σ

ε0
iαn̂iασ +

∑

i6=j

∑

α,β,σ

tαβ
ij ĉ†iασ ĉjβσ, (2.6)

where n̂iασ = ĉ†iασ ĉiασ is the particle-number operator.

We next analyze the interaction term HI with the help of the mean-field ap-

proximation (equivalent to the unrestricted Hartree-Fock approximations) which

retains the main electronic correlation effects to accurately account for the itin-

erant magnetism in transition metals at T = 0K. To do this we introduce the

identity

n̂in̂j = (n̂i − 〈n̂i〉)(n̂j − 〈n̂j〉) + n̂i〈n̂j〉+ n̂j〈n̂i〉 − 〈n̂i〉〈n̂j〉, (2.7)

where 〈n̂i〉 is the average occupation of state i (i ≡ iασ). Substitute equation

(2.7) into HI , the interaction term becomes

HI = Hcorr +
∑
iασ

∆εiασn̂iασ − 1

2

∑
iασ

∆εiασ〈n̂iασ〉

= Hcorr +
∑
iασ

∆εiασn̂iασ − Edc. (2.8)

The term ∆εiασ represents the variation of energy levels of an electron on site i

with orbital α, spin σ due to the Coulomb interaction, and is given by:

∆εiασ =
∑

jβσ′

′
Uiασ,jβσ′〈n̂jβσ′〉. (2.9)

The correction term Edc is constant and has the form:

Edc ≡ 1

2

∑
iασ

∆εiασ〈n̂iασ〉. (2.10)
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The remaining term

Hcorr =
1

2

∑

iασ,jβσ′

′
Uiασ,jβσ′(n̂i − 〈n̂i〉)(n̂j − 〈n̂j〉) (2.11)

accounts for the effect of electron correlation due to the fluctuation of electron

number niασ around its mean value 〈n̂iασ〉. Within the mean field approximation,

it can be neglected. So we obtain the approximate Hamiltonian,

H =
∑
iασ

εiασn̂iασ +
∑

i6=j

∑

α,β,σ

tαβ
ij ĉ†iασ ĉjβσ − Edc, (2.12)

where εiασ = ε0
iα + ∆εiασ. These are the new energy levels, once we have added

the term from the electron-electron interaction. This Hamiltonian describes the

behavior of electrons as if each electron is an independent particle moving in an

effective potential created by other. The mean-field approximation is valid for

studying magnetic systems whose properties are measured at low temperature

where electron fluctuation can be negligible. By referring to the quantity, this ap-

proach tends to overestimate the magnetic moment, since the effect of correlation

is neglected here.

To make further approximation, we consider only the intra-atomic contributions

Uii, which are primarily responsible for the magnetic properties. Introduce the

direct interaction term

Uiαβ =
Uiα↑,iβ↑ + Uiα↑,iβ↓

2
(2.13)

and the interchange terms

Jiαβ = Uiα↑,iβ↓ − Uiα↑,iβ↑. (2.14)

The term ∆εiασ could be written explicitly for different spins. If σ =↑,

∆εiα↑ =
∑

β 6=α

Uiα↑,iβ↑〈n̂iβ↑〉+
∑

β

Uiα↑,iβ↓〈n̂iβ↓〉, (2.15)
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if σ =↓,

∆εiα↓ =
∑

β

Uiα↓,iβ↑〈n̂iβ↑〉+
∑

β 6=α

Uiα↓,iβ↓〈n̂iβ↓〉

=
∑

β

Uiα↓,iβ↑〈n̂iβ↑〉+
∑

β 6=α

Uiα↑,iβ↑〈n̂iβ↑〉. (2.16)

Using the analysis above, we obtain a compact form for the term εiασ,

εiασ = ε0
iα +

∑

β

UiαβNiβ − zσ
1

2

∑

β

Jiαβµiβ, (2.17)

where zσ =





1, σ =↑,
−1, σ =↓,

, the electron number Niβ = 〈n̂iβ↑〉 + 〈n̂iβ↓〉 = 〈n̂iβ〉,

and the magnetic moment µiβ = 〈n̂iβ↑〉 − 〈n̂iβ↓〉.

2.3.2 The noncollinear Hamiltonian

We extend our TB model to allow the calculation of noncollinear magnetic proper-

ties. To do this, the first step is to divide the collinear approximate Hamiltonian,

expressed in equations (2.12) and (2.17), into a magnetic independent term Hindep

and a magnetic dependent term Hdep,

H = Hindep + Hdep, (2.18)

where

Hindep =
∑
iασ

(
εiα +

∑

β

Uiαβ〈Niβ〉
)

n̂iασ +
∑

i6=j

∑

α,βσ

tαβ
ij ĉ†iασ ĉjβσ

=
∑
i,j

∑

α,β,σ

[(
εiα +

∑
γ

Uiαγ〈Niγ〉
)

δijδαβ + (1− δij)t
αβ
ij

]
ĉ†iασ ĉjβσ,(2.19)

Hdep =
∑
iασ

(
−1

2

∑

β

Jiαβµiβ

)
zσn̂iασ. (2.20)



Theoretical Method 17

Figure 2.2: The local coordinate system on site i with magnetic moment µi.

Next we rewrite the Hamiltonian in the spinor space, with the basis for spin-up

σ↑ =


 1

0


 and for spin-down σ↓ =


 0

1


,

Hindep =
∑
i,j
α,β

[(
εiα +

∑

β

Uiαβ〈Niβ〉
)

δijδαβ + (1− δij)t
αβ
ij

]
ĉ†iαĉjβ


 1 0

0 1


 ,(2.21)

Hdep =
∑
iα

(
−1

2

∑

β

Jiαβµiβ

)
n̂iα


 1 0

0 −1


 . (2.22)

This Hamiltonian is valid for collinear systems, where all magnetic moments are

parallel or antiparallel. However, in general cases noncollinearity may exist, then

we have a local spin-quantization axis, which is different in each site i (shown in

Fig. 2.2). The alternative is to rotate the global axis {x,y, z} to the local axis

{ϕi, θi, ri} which differ in each local site. The local axis is referred to a unique

basis for the whole system, and all the local quantities are expressed in their

corresponding local spherical coordinate.

The magnetic independent term Hindep by its nature keeps unchanged, while

the magnetic dependent term Hdep must rotate to the local axis on each site. This

rotation can be decomposed into two steps: a rotation of angle θi around axis y,

followed a rotation of angle ϕi around axis z. Using the representation of Pauli
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Matrices

σ0 =


 1 0

0 1


 , σx =


 0 1

1 0


 , σy =


 0 −i

i 0


 , σz =


 1 0

0 −1


 , (2.23)

the rotation matrix on site i is described by

Ri = Rz(ϕi)Ry(θi) = exp
(
−i

ϕi

2
σz

)
exp

(
−i

θi

2
σy

)
=


 cos θi

2
e−iϕi sin θi

2

eiϕi sin θi

2
− cos θi

2


 .

(2.24)

Under this local axis rotation, the magnetic dependent term Hdep in noncollinear

framework reads

Hdep =
∑
iα

(
−1

2

∑

β

Jiαβµiβ

)
n̂iαRi


 1 0

0 −1


 R†

i

=
∑
iα

(
−1

2

∑

β

Jiαβµiβ

)
n̂iα


 cos θi e−iϕi sin θi

eiϕi sin θi − cos θi


 . (2.25)

2.3.3 The interaction with an external magnetic field

We next introduce directly the interaction term HBext with external magnetic field

in the noncollinear framework,

HBext = −
∑
i,α

gsµB

~
−→
B i · −→S in̂iα, (2.26)

where gs = 2 is the gyromagnetic factor, ~ is the Planck constant and µB is the

Bohr magneton.
−→
S i = 1

2
~−→σ is the local spin angular moment. Using the Pauli

matrices again, this interaction term is described in the matrix form,

HBext = −1

2
gsµB

∑
i,α

n̂iα


 Bz

i Bx
i − iBy

i

Bx
i + iBy

i −Bz
i


 . (2.27)

Now we obtain the desired Hamiltonian in the noncollinear framework with the

interaction of an external magnetic field, which comprises the three terms described
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in equations (2.21), (2.25) and (2.27), respectively. It is worthwhile to emphasize

that our model allows the study for the cases that a local external magnetic field is

applied, which can be seen in equation (2.27) that the magnetic field
−→
B i depends

on local site i. Despite that no such tiny localized magnetic field can be produced

in practice, our method could be used to study localized magnetic properties up

to the atomic resolution, which may be possible in the future. In this thesis we

only deal with the case of a uniform external magnetic field applied along the z

axis.

2.3.4 Treatment of the charge: global charge neutrality vs.

local charge neutrality

At this stage we should deal with the term given in equation (2.17), which involves

the charge in the system, and now we treat the charge in 2 different approxima-

tions. The total charge in the system must be constant, so that the immediate

result we could draw is to require that the total charge of the entire system at

the end of calculation is equal to the total charge that we had at the beginning

of calculation. This is called the global charge neutrality (GCN). However, there

are situations in which the charge transfer is difficult to analyze and may lead

to non-physical results. It is, therefore, necessary to take special care of it and

ensure as far as possible, that the charge transfer is correct. This can be achieved

in two ways. On the one hand, without getting rid of the GCN, we analyze all

the causes of charge transfer and make a complete consideration of the charge in

an overall point of view. Another way is to use the local charge neutrality (LCN)

approximation. This approach assumes that there is no charge transfer between

atoms in the system, so that the charge in each atom keeps constant throughout

the calculation process. We know from various ab initio calculations that the

charge transfer in transition metals is small and therefore the error relative to the

physical requirement of GCN is small too. Furthermore, we could minimize this

error if we take account of a reference charge distribution that is as similar as

possible to the real distribution in the system that we wish to study.
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2.3.4.1 Global charge neutrality

Consider the global charge neutrality in equation (2.17), the charge transfer is

governed by the direct interaction term Uiασ and the total value of charge is pre-

served by moving the Fermi level. However, as explained above, the GCN may

give some non-physical results of the charge transfer. To improve the results, we

must analyze what are the origins of charge transfer. In general, the charge trans-

fer occurs when the atoms in the systems having asymmetric local environment.

This may occur for geometrical reasons, when the number or position of neighbors

of an atom differs from the perfect crystal structure, or chemical causes, when

the chemical nature of neighbors of an atom is changed. In the systems with low

dimensional interfaces or surfaces, such as those studied in this thesis, we have

both effects.

As for the geometrical reasons, the main source of error is the use of a uniform

energy level ε0
iα for all atoms of the same elements, regardless of their local envi-

ronment. However, in a solid the crystal field potential is produced by the local

environment and varies in different sites. In first approximation, the crystal field

potential depends on the number of neighbors (coordination). We express this

approximation explicitly in the energy level,

ε0
iα = ε0,at

iα + Ziξiα, (2.28)

where ε0,at
iα is the energy level for the isolated atom excluding the electron-electron

interaction and Ziξiα is the crystal field potential, being Zi the coordination of the

atom i and ξiα is a potential which depends on the orbital character and element

considered. The final expression of the energy level in our approximation made in

the GCN reads

εiασ = ε0,at
iα + Ziξiα +

∑

β

UiαβNiβ − zσ
1

2

∑

β

Jiαβµiβ. (2.29)

With this approximation a great adaptability of environment is achieved, since the

charge transfer is regulated by the variation of the crystal field.
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Regarding the chemical causes, we have shown that it occurs in the systems

where there is an interface between two (or more) elements. In our treatment

we try to minimize the error by a careful choice of all parameters involved in the

calculation, as we will see later.

2.3.4.2 Local charge neutrality

In practice, some calculations [42–44] take into account the LCN approximation,

which is to fix the electron charge distribution of a physical system to a system

which has a “static” reference charge distribution N ref
iα and reference coordination

Zref
i , being without charge transfer. For transition metals, the charge transfer

between different atoms is small, so both the GCN approach and the LCN approach

are in principle valid. Starting from the equation (2.29) obtained for the GCN and

considering a reference system with charges N ref
iα and coordinations Zref

i , we have

εiασ = ε0,at
iα + Ziξiα +

(
Zref

i ξiα − Zref
i ξiα

)
+

∑

β

UiαβNiβ

+

(∑

β

UiαβN ref
iβ −

∑

β

UiαβN ref
iβ

)
− zσ

1

2

∑

β

Jiαβµiβ (2.30)

≡ ε0,ref
iα + ∆Ziξiα +

∑

β

Uiαβ∆Niβ − zσ
1

2

∑

β

Jiαβµiβ,

where

ε0,ref
iα = ε0,at

iα + Zref
i ξiα +

∑

β

UiαβN ref
iβ , (2.31a)

∆Ziξiα =
(
Zi − Zref

i

)
ξiα, (2.31b)

∑

β

Uiαβ∆Niβ =
∑

β

Uiαβ

(
Niβ −N ref

iβ

)
. (2.31c)

The term ε0,ref
iα is derived directly from the reference system. The term (2.31c)

is zero by requiring LCN (∆Niα = 0,∀i, α), which is achieved by introducing the

potentials Ωiα, which vary in the self-consistent calculation so that the charge is

the desired one. These potentials are also introduced in the term (2.31b), that
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gives the difference of the crystal field between the considered system and the

reference. The origin of these potentials can also be understood in an intuitive

way: in general the charge transfer is largely governed by the direct interaction

term Uiαβ. The requirement of no charge transfer is equivalent to working in

the limit (Uiαβ → ∞). Multiplying Uiαβ by ∆Niα (which is zero), we obtain an

uncertainty, which could be explained to be the potential Ωiα.

In practice we also block the charge transfer between orbitals s (p) and d,

therefore this requires that Nis +Nip = N ref
is +N ref

ip and Nid = N ref
id . However the

charge transfer between orbitals s and p and between d is allowed, which means

that only two different potentials Ωi(sp) and Ωi(d) are necessary. This takes into

account the different nature of the s and p electrons, delocalized, and d electrons,

localized, with a bandwidth of about 5 eV.

With this requirement, the expression for the energy levels within the LCN

approximation is written as

εiασ = ε0,ref
iα + Ωiα − zσ

1

2

∑

β

Jiαβµiβ. (2.32)

The LCN approximation, on the one hand, provides an easy way to regulate the

charge transfer in the system, on the other hand it has two major disadvantages.

One has already been mentioned: it prevents charge transfer. We have already seen

that the error can be minimized in the systems we deal with in which the absence

of charge transfer does not cause serious effect. The other disadvantage is that it

adds an extra difficulty for the convergence, since the requirement of no charge

transfer is very strict and the search for reference system is complex. Normally

the convergence can be solved in an appropriate manner by varying the potential

Ωiα iteration by iteration, but in specific cases the convergence is very industrious

and usually requires a great number of iterations to achieve compared to the GCN

approach. In this thesis, for noncollinear study the convergence is extremely slow

and difficult, making it impossible to achieve in practice with LCN, so we employed

the GCN approach.
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2.3.5 The calculation of energy

To calculate the total energy of the system, we start from the band energy obtained

from the self-consistent calculation and correct it with the correction term Edc.

The total energy reads

ET = Ebnd − Edc, (2.33)

where the band energy is obtained by integrating the local density of states ρiασ

with the weight of energy ε up to the Fermi level εF ,

Ebnd =
∑
iασ

∫ εF

−∞
ερiασ(ε)dε. (2.34)

The term Edc corrects the double counting of energy. Thus, taking into account

the expression of Edc in equation (2.17),

Edc =
1

2

∑

iαβ

UiαβNiαNiβ − 1

4

∑

iαβ

Jiαβµiαµiβ. (2.35)

The first part of this expression represents the electrostatic interaction and the

second the magnetic interaction. This expression is valid in the case of GCN. For

LCN approximation, it is expressed as follows,

Edc =
1

2

∑
iα

ΩiαNiα − 1

4

∑

iαβ

Jiαβµiαµiβ. (2.36)

Although it is clear to calculate the total energy from above equations, we

have to emphasize that the energy calculated is purely from the electronic part.

The remainder of the total energy should be calculated externally. It is also

important to note that we will use a relative form of energy to compare different

configurations of a magnetic system. Therefore, we could predict the most stable

electron configuration in our model.
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2.3.6 Self-consistent calculation

To solve the Hamiltonian we can follow two different ways. One is to solve an

eigenvalue problem: diagonalizing the Hamiltonian to obtain the eigenvalues and

eigenvectors, from which the demanded physical quantity can be computed. The

problem of this method is that in a semi-infinite system with a large number of

inequivalent atoms, the computing time needed is very long. In this thesis we use

an alternative method to circumvent the intricate diagonalization process, this is

the recursion method (for details, see Appendix A) proposed by R. Haydock [45–

47]. The recursion method gives directly the local density of states (LDOS) that

is proportional to imaginary part of the Green’s function,

ρiασ = − 1

π
lim

η→0+
Im〈iασ|G(ε + iη)|iασ〉. (2.37)

Within the GCN, the Fermi level εF is computed by integrating all the LDOS

up to a certain value of energy to obtain the total charge NT ,

∫ εF

−∞

∑
iασ

ρiασ(ε)dε = NT . (2.38)

Once the LDOS and Fermi level is known, the local average occupation is obtained,

〈n̂iασ〉 =

∫ εF

−∞
ρiασ(ε)dε, (2.39)

from which we compute the local magnetic moment, µiα = 〈n̂iα↑〉 − 〈n̂iα↓〉.

In the case of LCN, the iterative process is performed as follows. We start from

an initially proposed local magnetic moment µiα and a potential Ωiα, from which

the Hamiltonian can be formulated. Using equation (2.37), we compute a new

moment µ′iα and then a new potential Ω′
iα, which continue the iterative process.
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The process ends when the convergence conditions are fulfilled,

max
i

{
|Ni(sp) −N ref

i(sp)|, |Nid −N ref
id |

}
< δ, (2.40a)

max
iα

|µiα − µ′iα| < δ, (2.40b)

max
i
|ET

i (n)− ET
i (n− 1)| < δ (2.40c)

where Ni(sp) = Nis + Nip and ET
i (n) is the total energy in the nth-iteration. Here

δ is a constant given to measure the convergence.

The determination of convergence is similar in the case of GCN, except that

there is no potential Ωiα. The convergence is achieved when the following condi-

tions are satisfied,

max
iα

|Niα −N ′
iα| < δ, (2.41a)

max
iα

|µiα − µ′iα| < δ, (2.41b)

max
i
|ET

i (n)− ET
i (n− 1)| < δ (2.41c)

The above discussion is implemented for the case of collinearity. In the non-

collinear framework, however, the determination of convergence is a little more

complicated, since the direction of magnetic moments might be changed in the it-

erative process. Suppose the magnitude of the initially proposed magnetic moment

is µi = µis +µip +µid and the direction is determined by the angles θi and ϕi in the

spherical coordinates, so that the initial magnetic moment is −→µ i = µri
ûri

, where

ûri
is the unit vector in the radial direction. Substituting these values into the

Hamiltonian and solving the LDOS, we obtain a new magnetic moment, expressed

in the “old” local coordinate system,

−→µ ′
i = µ′ri

µ̂ri
+ µ′θi

µ̂θi
+ µ′ϕi

µ̂ϕi
. (2.42)

The magnitude of the new magnetic moment can be obtained by

µ′i =
√

(µ′ri
)2 + (µ′θi

)2 + (µ′ϕi
)2. (2.43)



Theoretical Method 26

In order to ensure that the new magnetic moment is close enough to the for-

mer one, both in magnitude and in direction, except for the the restriction on

total charge (2.41a) and total energy (2.41c), the convergence condition for local

magnetic moment (2.41b) should be replaced by

max
i
|µi − µ′i| < δ, (2.44a)

max
i

{|µ′θi
|, |µ′ϕi

|} < δ. (2.44b)

As the magnetic properties in transition metals are mainly explained by d elec-

trons, for simplicity we neglect the contribution of s and p electrons in our self-

consistent procedure.

2.3.7 Parametrization

The suitability of parameters in our semi-empirical TB method is vital for the

accuracy of the results obtained in the self-consistent procedure. There are two

facts we should take into account. On the one hand it is more convenient to

achieve the maximum possible transferability of parameters in different systems.

For example, we may wish to use the same parameters in clusters, surfaces and

interfaces for the same elements. On the other hand, however, we also desire

to find a set of parameters that can produce results as accurate as possible in a

specific system. In general, as we have noted in the description of the TB method,

this method is often designed to study a specific physical phenomenon, so that

the accuracy of results is model-dependent and the transferability of parameters

is weak. Therefore, no perfect tradeoff lies between the two sides. In practice,

we could make a compromise between these two considerations to get sufficiently

accurate quantitative results, but without losing adequate transferability in certain

similar systems.

Depending on the different treatments of charge in the system, say, LCN or

GCN, we have to consider different sets of parameters. For the LCN, we need the
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reference energy level ε0,ref
iα and the hopping integrals tαβ

ij which are derived from

the same reference system. The interchange interaction Jiαβ are extracted by a fit

of magnetic moment to the the values calculated by other methods or obtained

in experiments. In the case of GCN, the value of local charges is not so crucial

as in the LCN case, because the charge is redistributed between different atoms

and orbitals, only fulfilling the requirement that the total charge in the system

is constant. The hopping integrals tαβ
ij and interchange interactions Jiαβ are the

same as those in the LCN. The remaining parameters need to include the direct

interaction Uiαβ, the energy level ε0,at
iα and the crystal field potential Ωiα, which are

universal for each element in different systems. Next we analyze the parameters

one by one.

Band centers and hopping integrals

The hopping integrals tαβ
ij describe the electron delocalization. They are param-

eters that fix the shape of the density of states. In this thesis we only consider the

contributions of first and second neighbors and use the method proposed by Slater

and Koster [48]. In essence, this method is to write the integrals of spherical sym-

metric potential centered on atoms i and j as a linear combination of two-center

integrals. These integrals, which we call the Slater-Koster integrals, are taken as

parameters. They depend on, in addition to the element considered, the distance

between atoms i and j and the chemical environment.

Regarding the dependence on the distances between atoms, we take the Slater-

Koster integrals in the system in which the distances between atoms are similar

to those in reference system. In the case of deviation from the reference, Harrison

[49] suggested a scale law to correct the dependence on the distances, which was

also used by Andersen et al [50, 51]. The dependence on the distances between

two atoms is proportional to R
−(l+l′+1)
ij , where l and l′ are the angular quantum

numbers associated with orbitals α and β, and Rij is the distance between atoms

i and j. This fit has been proved to give very good results when the deviation of

the distances is less than 5% compared to the reference system [52].
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The Slater-Koster integrals are calculated as follows. At first, using a first-

principles method, the band structure of a system is calculated. Then the inte-

grals are adjusted until the same band structure calculated before is reproduced.

There are two ways to do this. The first one is developed by Papaconstantopoulos

[52]. He has made the adjustment for 53 elements in the periodic table. These

adjustments, being successfully used in several papers (see, for example, [42] or

[43]), allow extracting parameters in any system that can be dealt with by the

TB-LMTO method. With this procedure we can obtain the hopping integrals for

the system with an similar environment to the reference, taking into account both

the geometric and chemical environments.

In this work, we use another method proposed by Andersen et al [53] to study

surfaces and interfaces of transition metals, which is based on the fact that the

TB-LMTO Hamiltonian can be written in a first order approximation as

H
(1)

= C + ∆
1
2 S∆

1
2 , (2.45)

where S is the screened-structured canonical matrix. C and ∆ are diagonal ma-

trices. This Hamiltonian has the same form as the TB Hamiltonian. The matrix

S can be written in the same way as the hopping integrals, obtaining the canon-

ical Slater-Koster integrals. Their values are shown in Table 2.1. In this thesis,

the systems considered are all with bcc structure, so only the parameters with

bcc structure are used. The fcc ones are also listed, which are needed when fcc

systems are considered.

To find the C and ∆ matrices, we use the following relation [53]:

∆
1
2

∆
1
2

=
C − Eν

C − Eν

= 1− (
Q−Q

) C − Eν

∆
. (2.46)

The terms C, ∆, Q and Eν are potential parameters, selfconsistent, and are ob-

tained directly after the TB-LMTO calculation. The terms remaining to obtain

the Slater-Koster integrals are the Q parameters, whose values are Qs = 0, 3485,

Qp = 0, 05303 and Qd = 0, 010714 [53].
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(eV) bcc fcc
ss0 3.093 3.053
pp0 2.787 2.742

dd0(Eg) 1.299 1.674
dd0(T2g 2.710 2.366

1th 2nd 1th 2nd
ssσ −0.593 −0.203 −0.484 −0.020
spσ −1.178 −0.435 −0.983 −0.038
sdσ −1.417 −0.603 −1.256 −0.062
ppσ 2.356 0.935 2.001 0.092
ppπ −0.356 −0.048 −0.255 0.003
pdσ 2.926 1.289 2.574 0.141
pdπ −0.825 −0.134 −0.603 0.006
ddσ −3.839 −1.757 −3.459 −0.226
ddπ 1.887 0.364 1.415 −0.023
ddδ −0.271 −0.049 −0.058 −0.011

Table 2.1: Canonical Slater-Koster integrals.

We can make a TB-LMTO calculation to produce a set of potential parameters

(C, ∆, Q, Eν) for each inequivalent site in the system which is simulated by TB-

LMTO described in section 2.2.1. Using this method, we could obtain parameters

for surfaces and interfaces, which pertain to their local environment.

Finally, there remains the choice of band centers εref
iα within the LCN approxi-

mation. This choice is made together with the determination of the Slater-Koster

integrals. Their physical meaning is, as their name suggests, marking the position

of the band center. They are also very important parameters since the change of

relative position will change the hybridization between bands, and therefore the

electronic and magnetic properties.

Direct and exchange interactions

The direct interaction contains a set of universal parameters which only depend

on the element considered. For simplicity, we omit the differences between s and

p orbitals, that is, we use the approximation Uiss = Uisp = Uipp and Uisd = Uipd.

The relation between the remaining three independent parameters (Uiss, Uisd, Uidd)

for each element is taken from Hartree-Fock calculations for isolated atoms (see

ref [54]). The absolute value of Uidd is estimated as the level shift due to a jump
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(eV) Fe Mn Cr
Uiss 1.77 1.60 1.47
Uisd 2.18 2.10 1.90
Uidd 5.44 4.80 4.22

Table 2.2: Direct interaction parameters (Coulomb integrals) for Fe, Mn and
Cr.

of d electron of an atom to its nearest neighbor [55, 56]. With these efforts we

obtain the values for the direct interaction of various transition metals studied in

this thesis, shown in Table 2.2.

The determination of the exchange interaction terms Jiαβ differs from that of

the direct interaction. The physical meaning of this interaction is very important

because it controls the expansion of the bands of majority and minority spins,

and thus the magnetic properties. In fact, only for values above a certain value

for Jiαβ, we have magnetism in the system3. We can find a value of the exchange

for an certain element which maintains a high precision and is as transferable as

possible in all types of environments. Furthermore, we only consider the parameter

for d electrons, i.e., only Jidd is nonzero, because d electrons are responsible for

most of the magnetic properties in transition metals. In fact, the values for the

terms corresponding to s and p electrons are negligible compared to d electrons.

However, this does not mean that the s and p electrons do not have an influence

on the magnetic properties, whereas they have, despite their influence is small. It

could be expected in two ways: on the one hand, the sp-d hybridization modifies

the d band, therefore the electronic structure. Furthermore, the magnetic moment

of the d band that produces an external field to polarize s and p bands, thereby

also contributing to the magnetic moment directly.

Bare energy levels and crystal field parameters

3Within the Stoner model for itinerant magnetism, this condition is called the Stoner criterion.
When the value of the exchange is greater then the inverse of the density of states at the Fermi
level J > 1

N0(εF ) , the system is ferromagnetic. Despite that the Stoner model of ferromagnetism is
just a simple model, this approach is valid for any system of transition metals at zero temperature.
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The bare energy level ε0,at
iα and crystal field potential ξiα are involved in the

NGC approximation. According to their definitions, they are values that only

depend on the specific element and orbital. Therefore, the determination of these

parameters must be unique for each element. To realize this, we make TB-LMTO

calculations in different structures, to take samples of atoms with different number

of coordination. Through the method described above we obtain the reference

band centers ε0,ref
iα , using the equation (2.31a),

ε0,ref
iα = ε0,at

iα + Zref
i ξiα +

∑

β

UiαβN ref
iβ , (2.31a)

which results in three equations (for s, p and d orbitals) per site. The number of

coordination could vary in a large range (between the corresponding isolated atom

and the bulk). We then make a fit by the least square method in various situations

of coordination to obtain the values we want. They are the isolated energy levels

(ε0,at
is , ε0,at

ip , ε0,at
id ) and the crystal field potentials (ξis, ξip, ξid).

The remaining variables that appear in equation (2.31a) are already known: the

coordinations Zi, which are calculated simply by counting the number of neigh-

bors4, the direct interactions Uiαβ, which have been estimated in the previous

section, and the charge distributions (N ref
is , N ref

ip , N ref
id ), which are derived from

TB-LMTO calculations. It should be pointed out that the charge distributions

must be extracted from the TB-LMTO calculation of the system that has similar

(or identical) local environment to the system we study.

So far, we have described our TB method that is parametrized by ab initio TB-

LMTO calculations and solved self-consistently using Haydock’s recursion method.

Next, we show the application of this model in transition metal systems, which

contain surfaces and interfaces, in the following chapters.

4In this case it was decided to give some weight to second neighbors, namely 10% by weight
of the former.
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Chapter 3

Mn Film Supported on Fe

Substrate

3.1 Introduction

The interface between ferromagnetic and antiferromagnetic materials is important

in a scientific point of view because the competition between ferromagnetic and

antiferromagnetic interactions can lead to very complex magnetic solutions, par-

ticularly when there are frustrations, either geometrical or chemical, in the system.

When an antiferromagnetic film is deposited on a substrate with a ferromagnetic

monoatomic step, the magnetic frustration around this defect can cause interest-

ing magnetic configurations, as in prototype systems such as Fe and Cr studies

by Vega et al [57], Stoeffler et al [58] and Berger et al [59, 60]. Due to the local-

ized nature of the frustration, it is not possible to experimentally characterize the

local magnetic configurations of frustrated systems in the atomic scale until the

introduction of techniques such as SP-STM and SP-STS [22, 61, 62, 119]. The

properties at the interface between magnetic materials are related to exchange

coupling between layers [63, 64], giant magnetoresistance [65, 66] and the systems

of spin valves [67].

33
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Mn thin films grown on substrates of Fe(001) are one of the most interesting

system to study both in experiment [68–72, 123, 124] and theory [73–75], since

they have quite peculiar configurations due to the complex nature of Mn in the

point of view of magnetism and the possible geometric asymmetries. The interest

in this system also comes from the fact that Fe is a typical ferromagnetic material,

and it is expected that the structures with low dimensionality of Mn atoms can

reach high values of magnetic moment, about 5 µB that occurs in free atoms. If

this configuration is repeated parallelly, the total magnetic moment can be a big

one.

The system Mn/Fe(001) is complex partly due to the possible frustration pro-

duced at the interface between a ferromagnetic and an antiferromagnetic material

in certain circumstances, and is also due to the nature of Mn itself. Mn can be

found in 5 allotropies. The α phase is cubic with 58 atoms in the unit cell at room

temperature, stable up to 1000 K. Under the Néel temperature TN = 95 K, the

α-Mn paramagnetic-antiferromagnetic transition is accompanied by a distortion

to the tetragonal crystal structure [76]. The magnetic structure of α-Mn is non-

collinear with high magnetic moment (up to 3 µB) in certain positions, coexisting

with smaller magnetic moments in other positions and even non-magnetic [76, 77].

The β-Mn is cubic with 20 atoms in the unit cell [78], stable between 1000 and

1368 K. The γ-Mn (fcc) is stable between 1368 and 1406 K, and the δ-Mn (bcc)

is stable from 1406 K to the melting temperature TM = 1517 K. Studies at

ultrahigh pressure [79] show a phase transition to an ε-Mn at 165 GPa. The prob-

able hexagonal structure is in agreement with the crystal structure of analogous

elements Tc and Re.

The magnetic properties are, as expected, very different in the allotropies of Mn.

For example, Nakamura et al [80] show that β-Mn is magnetically disordered at

temperature of 1.4 K and shows strong spin fluctuations. Canals and Lacroix [81]

suggest that the frustration in β-Mn overrides any magnetic order and it should be

regarded as a “spin liquid”. As in the α-Mn, the γ-Mn is antiferromagnetic with

a Néel temperature TN = 570 K. The determination of the magnetic structure
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of δ-Mn is even harder to achieve. As for the ε-Mn phase, it is paramagnetic in

equilibrium.

In the case of Mn thin films deposited on other materials, there is also a wide

variety of behaviors. The studies have been conducted for Mn grown on Al [82],

Cu, Ni [83], Pd [84] and Ir [85], the fcc-type substrates, and Fe [68, 86], the bcc-

type substrate. All the depositions are oriented in the direction [001]. In all the

cases, Mn is pseudomorph. While growing conditions prevent interdiffusion, theo-

retical studies [87–90] and experiments [103–105] are in agreement with a C(2×2)

antiferromagnetic configuration for the case of the supported monolayer, and an

antiferromagnetic configuration when two or more monolayers are deposited, ex-

cept for some recent calculations in which the C(2×2) configuration occurs in the

surface layer [126]. If Mn is deposited at high temperature on metals such as Cu,

Ni, Ag, Pd [91–95], alloys are formed on the surface with order C(2× 2).

The experimental investigations of the structure of Mn films on Fe(001) resulted

in a large number of discrepant results. The experiments show that in small area,

Mn grows layer by layer, taking a body-centered tetragonal (bct) structure with

the parameters of lattice equal to the pure substrate Fe, but switching to a growth

in the form of islands above a critical size of the Mn film [96–99]. This size ranges

from 3 [98] to 12 monolayers [99]. For higher coverages, it might take the structure

corresponding to α-Mn [100].

As for the coupling at the Mn-Fe interface, the situation is even more contro-

versial. Some papers show a ferrimagnetic coupling with two inequivalent sites in

Mn layers [69, 97, 101], while other papers present an antiferromagnetic coupling

between Mn layers with antiferromagnetic coupling at the surface [86, 102] and

ferromagnetic coupling at the interface [70], although the SP-STM measures can

not draw a conclusion about the coupling at the interface [123, 124]. In addi-

tion, there are also ferromagnetic couplings within the Mn film with coverage up

to 2-3 monolayers, and then becoming antiferromagnetic beyond these coverages

[103–105].
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When studying Mn films on Fe in the presence of monoatomic steps, recent

experiments also show different results. In such systems magnetic domains are

observed as a result of different surface coverage on both sides of the step. The

value of the width of the domain wall that separates the two regions differs in the

experiments of Yamada et al [72, 123, 128] and Schlickum et al [124]: while in

the experiments of Yamada et al the width of the domain wall does not vary by

increasing the thickness of Mn deposited, the results of Schlickum et al show that

it varies and depends linearly on the number of layers deposited.

As you can see, there is a variety of results due to the complex nature of Mn

and the competition of ferromagnetic and antiferromagnetic interactions, which

usually make the systems studied have a frustrated magnetic configuration. And

we also know that a frustrated state is very sensitive to any type of perturbations.

It is expected that such a frustrated system will show a variety of magnetic config-

urations depending on the temperature and the external magnetic field [108]. To

understand the essence of the physics of magnetic frustration, it is very important

to investigate the evolution of magnetic configurations under magnetic fields up

to the full saturation of magnetic moments. In a technological point of view, the

response of a magnetic material to external magnetic fields is important for its

potential application for data storage devices. At present the highest data storage

density is 421 Gbit/in2 (i.e., about 560 nm2/bit)by Seagate Technology using per-

pendicular magnetic recording(PMR). Deeper understanding of the noncollinear

magnetic properties, especially the noncollinear hysteresis, may shed light on new

technologies that could express a bit of information in smaller and smaller area in

a material. Then a higher level of miniaturizaiton of data storage devices could

be achieved.

The rich magnetic behavior of Mn films supported on Fe substrate and the

high spin polarization of both elements make it particularly interesting to study

the response of the system to external magnetic fields. One already knows that

the noncollinear magnetic moment configuration is essential in the systems of

Mn/Fe. But when the system is imposed with an external magnetic field, and

as the fields increase, the magnetic configuration would change. An interesting
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phenomenon is shown in recent experimental results of Kojima et al [135], in

which the external magnetic fields are applied up to 140 T in the CdCr2O4 system

under low temperature, below 26 K. This system is noncollinear in absence of

external magnetic field, but when the fields increase to the range between 28 T

and 62 T, a collinear 1/2 plateau phase appears. Above 62 T, the system becomes

noncollinear again until reaching the magnetic saturation at 90 T. It is expected

to find a material that possesses the same magnetization process under reasonable

external magnetic field (which is possible in experiment) and at room temperature.

Then the application as data storage devices would be possible. Our study is on

this line at the starting point.

In this chapter, we firstly depict relevant experiments shortly, from which we

pick some parameters for our calculations, such as the distances between layers.

Then we parameterize the system of 6 Mn layers deposited on Fe substrate that will

be used in the TB calculation. Later we show our collinear and noncollinear results,

without external magnetic field and then with magnetic fields up to magnetic

saturation. Finally, we conclude this chapter and show some perspectives for

future study.

3.2 Structure information taken from previous

experimental results

The geometric information which is needed as an initial input to our TB model

is taken from the experiment [128]. In this thesis we consider the bcc phase of Fe

substrate, 6 Mn monolayers are supported on it. Due to the different atomic radii

of Fe and Mn, the distances between layers in the Mn film are neither the lattice

constant in pure Fe crystal nor that in pure Mn crystal. These distances should

be measured layer by layer in experiment.

The STM and STS measures were carried out by Yamada et al [128] under the

conditions of ultrahigh vacuum (∼ 5×10−11mbar) at room temperature. Mn layers



Mn Film Supported on Fe Substrate 38

are grown in an almost perfect monocrystal Fe sample in the [001] orientation at

temperature of 370 K and with the rate of 0.6 nm/min. The growth condition is

very important, because Mn and Fe tend to mix and the magnetic properties of

Mn films are very sensitive to the atomic structure [88].

Layer by layer growth of Mn on Fe(001) is achieved with coverage of up to

3 monolayers, while above these coverages the system begins to create three-

dimensional islands and terraces. The structure of this growth, pseudomorphic,

is characterized by the same two-dimensional structure in Fe substrate (a = b =

0.287 nm), while the distance between layers is c = 0.323 nm, which corresponds

to a bct-type structure. When the substrate contains a Fe monoatomic step (which

is 0.143 nm high), the step is reflected on the surface of Mn as a much smaller

step of height of 0.02 nm (due to the difference between the lattice constant of Fe

and Mn, and the number of Mn layers is n in one side compared to n + 1 at the

other side). For coverage higher than 6.5 monolayers, the step height of 0.02 nm

is not seen any more, which means the surface tends to be flat.

The geometric parameters in the system of 6 Mn layers supported on Fe sub-

strate are taken from the above experimental results.

3.3 Parametrization

The accuracy of the parametrization is critical for any semi-empirical model in

general, especially in a system that contains Mn. We have already seen that Mn

is a delicate material to work with for investigating noncollinear features due to

its very complex structure..

The first step is to find the parameters for GCN approximation described in

chapter 2. In order to do the least square estimation, we need some samples with

different local environments. The systems and their coordinations we choose to

implement TB-LMTO calculations are shown in Table 3.1. We take into account
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monolayer bilayer trilayer (C) trilayer (E) solid
(001) 4.2 6.4 8.4 4.5 8.6
(110) 0.4 4.4 8.6 6.4 8.6
(111) 0.0 3.0 6.0 3.3 8.6

Table 3.1: Values of the coordination for different systems and crystalline
orientations. (C≡Center, E≡Exterior)

the solid, monolayer, bilayer and trilayer in three crystalline orientations, [001],

[110] and [111], for Fe and Mn.

We explain the values in the table as follows, for example, in the perfect solid

with the structure of fcc the number of first neighbors is 8 and that of second

neighbors is 6, which leads to a coordination of 8.6. The remaining values are

obtained similarly.

3.3.1 Parametrization for Fe

The TB-LMTO calculations of the systems described above are conducted to find

the parameters of our Mn/Fe(001) system. The exchange and correlation poten-

tials for Fe are taken as the GGA potential proposed by Perdew[106, 107]. In the

calculations, depending on the compactness of the systems under consideration,

5 to 13 layers of empty spheres are taken into account to assure the electronic

distribution in the central layer of empty spheres is negligible. We increase the

number of k points in the Brillouin zone until the results of the band centers ε0,ref
iα

converge in each system. The results obtained for the band centers as well as the

electronic distributions in different systems of Fe (solid, monolayer and bilayer)

are shown in Table 3.2.

One can see the charges obtained for all the above systems are similar, except

for the monolayer on the [111] orientation, where part of the charges is transferred

to the space because the distance between atoms on this plane is the biggest.

The parametrization is checked with several tests. To test the transferability of

these parameters, they are used in systems with different coordinations. We firstly
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ε0,ref
s ε0,ref

p ε0,ref
d Ns Np Nd Ntot

solid 3.87 8.56 −0.59 0.63 0.77 6.60 8.00
monolayer(001) −1.43 0.51 −5.01 0.66 0.26 6.62 7.53
monolayer(110) −0.90 3.67 −6.14 0.62 0.36 6.58 7.56
monolayer(111) 1.89 6.22 −3.93 0.34 0.03 6.53 6.90

bilayer(001) 0.21 4.62 −4.45 0.57 0.42 6.68 7.66
bilayer(110) −0.98 3.55 −5.60 0.62 0.56 6.64 7.83
bilayer(111) 0.25 4.36 −4.90 0.63 0.28 6.560 7.47

Table 3.2: Values of the band centers (in units of eV) and charges for different
systems of Fe obtained from TB-LMTO method.

TB-LMTO TB: SMB TB: bilayers
solid bilayer solid bilayer solid bilayer

Jdd (Fe) - - 1.20 1.20 1.20 1.20
Ns 0.64 0.60 0.66 0.58 0.65 0.56
Np 0.78 0.44 0.73 0.39 0.75 0.39
Nd 6.58 6.62 6.61 6.70 6.60 6.72

µ(µB) 2.38 2.76 2.29 2.89 2.29 2.87

Table 3.3: Values of the charges and magnetic moments for the perfect solid
and Fe bilayer in the [001] direction calculated using TB-LMTO and TB. In
the latter case we have two sets of parameters: extensive solid, monolayer and

bilayer (SMB) and bilayers in different orientations.

test the parametrization in perfect solid and the bilayer in the [001] direction. As

a final test, the parametrization is tested in similar systems we are going to study

with the TB method, i.e., 6 layers Mn supported on Fe(001) substrate. In all these

cases, the TB results are compared with those obtained by the TB-LMTO method

for corresponding system.

In Table 3.3 we show the results obtained for perfect solid and for the bilayer

in the [001] direction using TB-LMTO and TB methods. In the TB calculations,

the exchange parameter Jdd = 1.20 eV for both systems. It is taken from other

systems similar to those we want to study here. And the value can be varied to

adjust the values of the magnetic moment with only a little change in charges. For

each case we used the hopping integrals tαβ
ij from the TB-LMTO calculations. One

can see that the results for charge distributions between orbitals and the magnetic

moments are in agreement with those obtained by TB-LMTO.
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TB-LMTO TB:SMB TB:SMB TB:bilayer TB:bilayer
hopping integrals - solid surface solid surface

Jdd (Fe) - 1.20 1.20 1.20 1.20
S S-1 S S-1 S S-1 S S-1 S S-1

Ns 0.60 0.66 0.57 0.66 0.58 0.66 0.45 0.67 0.44 0.66
Np 0.43 0.80 0.40 0.73 0.38 0.72 0.32 0.75 0.30 0.72
Nd 6.49 6.69 6.79 6.62 6.79 6.63 6.46 6.68 6.43 6.66
NT 7.52 8.15 7.76 8.01 7.75 8.01 7.23 8.10 7.17 8.04

µ(µB) 3.02 2.31 2.81 2.44 2.82 2.45 3.13 2.39 3.17 2.42

Table 3.4: Values of charges and magnetic moments for Fe(001) surface calcu-
lated by TB-LMTO and TB methods. In the TB calculations, solid, monolayer
and bilayer(SMB) and bilayers in different orientations are taken into account.

S and S-1 indicate the surface layer and the layer just below the surface.

We next consider a Fe surface in the [001] direction. The results for two sets of

parameters (SMB and bilayers) are shown in Table 3.4. In the TB-LMTO calcu-

lations it is sufficient to consider 5 layers of empty spheres to simulate the surface,

while the number of layers needed to simulate the Fe bulk is 8. The exchange

parameter Jdd used is the same as in previous calculations. In addition, different

hopping integrals (in perfect solid and surface) are used in the TB calculations.

They are two extreme cases in our calculations, hopping integrals in other cases

(such as the subsurface and so on) are between these two cases. So for simplicity,

we differentiate hopping integrals into these two cases.

The effect of the surface is reflected in the charges and magnetic moments:

the surface atoms lose some charge with respect to the next layer and there is

an increase of magnetic moment due to less coordination. When analyzing the

values obtained for each parametrization compared to TB-LMTO, there are some

discrepancies. In the SMB setting, in the surface layer there is an increase of 0.3

in the charge of d orbital with respect to TB-LMTO. Regarding the perfect solid

(with 8 electrons in d orbital), in the SMB setting the difference of charges on

the surface and subsurface in TB results is lower than that in TB-LMTO (about

0.2 electrons). But there is a bigger charge transfer in the bilayer setting. The

differences in results when considering different sets of hopping integrals are not

significant in the calculations, as shown in Table 3.4.
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ε0,ref
s ε0,ref

p ε0,ref
d Ns Np Nd Ntot

bilayer(001) 0.77 4.91 −4.14 0.56 0.42 5.65 6.63
bilayer(110) −1.64 2.65 −6.45 0.61 0.59 5.61 6.81
bilayer(111) 1.16 5.40 −4.66 0.57 0.25 5.50 6.32

trilayer(001)(C) −0.42 4.71 −4.69 0.68 0.86 5.73 7.26
trilayer(001)(E) 0.73 4.35 −4.18 0.54 0.41 5.56 6.61
trilayer(110)(C) −0.01 4.73 −4.28 0.65 0.85 5.64 7.14
trilayer(110)(E) 0.98 5.15 −3.94 0.60 0.56 5.58 6.89
trilayer(111)(C) 1.31 6.11 −3.89 0.69 0.57 5.61 6.87
trilayer(111)(E) 1.65 5.52 −3.71 0.51 0.31 5.54 6.36

Table 3.5: Values of the band centers (in unit of eV) and charges for different
systems of Mn obtained from TB-LMTO method.

3.3.2 Parametrization for Mn

In the case of Mn, we calculate in the same way as we did for Fe in TB-LMTO

calculations in various systems (solid, monolayer and bilayer) using the exchange

and correlation potential of Perdew’s GGA. Sufficient layers of empty spheres and

k points in Brillouin zone are taken into account. As we will see later, the variety

of solutions presented in Mn makes the choice of parameters more sensitive than

in other materials such as Fe. Therefore we test different sets of parameters to

describe the system we study.

In Table 3.5, the values of band centers and charges for different systems of Mn

are presented. The cases of bilayer and trilayer are considered. In the trilayer, the

central layer is marked with C, and the exterior layer with E. Compared with the

case of Fe, we observe that the band centers have the same order of magnitude.

As for the charge distribution, one can see that the total charge in the bilayer in

the [111] direction is quite lower (about 0.7 electrons) than that in perfect solid

(7 electrons), the discrepancy is not so significant in the remaining cases.

Table 3.6 gives the parameters for the GCN approximation in two cases: bilayers

and trilayers in different orientations, respectively. In choosing one or another set

of parameters for the GCN approximation, relevant tests are performed as in the

case of Fe, we simulate the systems in which we need to fit by TB calculations.

However, the above two sets of parameters give very similar results even when we
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(eV) ε0,at
s ε0,at

p ε0,at
d ξs ξp ξd

bilayers −8.21 −4.08 −29.70 −1.09 −1.07 −0.94
trilayers −11.30 −8.36 −31.22 −0.60 −0.36 −0.55

Table 3.6: Mn Parameters of GCN approximation for bilayer and trilayer.

perform the TB calculations of systems with different thicknesses supported Mn

on Fe(001). To single out a better set of the GCN parameters, we take into account

other parameters (hopping integrals tαβ
ij and exchange parameter Jdd), which are

also obtained from the TB-LMTO calculations.

Hopping integrals tαβ
ij for Mn

To obtain the hopping integrals tαβ
ij for the system of Mn supported on Fe(001),

we have to reproduce the effects of interface between Fe and Mn as well as the

surface effects and effects on intermediate Mn layers. These effects are mainly fo-

cused on the magnetic properties, e.g. the magnetic moments in various location.

They are important in our TB studies both in collinear and in noncollinear frame-

work. In Table 3.7 we compare the results of magnetic moments and charges in

the system 3Mn/Fe(001) taking into account the hopping integrals obtained from

TB-LMTO calculations, from the calculations already performed by Papaconstan-

topoulos [52] and from the Mn bulk. We have considered an exchange parameter

Jdd = 1.08 eV, which is the best when comparing the magnetic moments obtained

from TB-LMTO. As we can see, the results of magnetic moments obtained in

3Mn/Fe(001) is better than those with other parametrizations. It is an expected

result because we’ve tried to simulate the similar system which we want to study

the interface and surface effects.

Exchange parameter Jdd for Mn

The determination of the exchange parameter Jdd is performed in a similar sys-

tem to the previous 3Mn/Fe(001). We also take into account the effects of Fe-Mn

interface and Mn surface but with more Mn layers, in this case we consider 4

Mn layers supported on Fe(001). As there are many possible magnetic configu-

rations in the Mn layers, which are more evident in the collinear calculations of



Mn Film Supported on Fe Substrate 44

3Mn/Fe(001) Papaconstantopoulos bulk TB-LMTO
Mn(S) 3.83 3.92 3.82 3.77

Mn(S-1) −2.39 −3.21 −2.83 −2.00
Mn(I) 2.52 3.03 2.49 2.83
Fe(I) 2.37 2.58 2.40 2.43
Fe(B) 2.35 2.30 2.38 2.33

Table 3.7: Results of the magnetic moments (in units of µB) in several selected
layers of 3Mn/Fe(001) using different parametrizations and compared with those

obtained with the TB-LMTO method.

Jdd 1.05 1.075 1.10 1.125 1.15 TB-LMTO
Mn(S) −3.82 −3.85 −3.89 −3.92 −3.95 −3.76

Mn(S-1) 2.59 2.70 2.70 2.86 2.96 1.90
Mn(S-2) −0.80 −0.98 −0.98 −2.45 −2.67 −2.98
Mn(I) 2.35 2.47 2.47 2.76 2.82 2.89
Fe(I) 2.34 2.33 2.33 2.34 2.33 2.45
Fe(B) 2.36 2.36 2.36 2.36 2.36 2.34

Table 3.8: Comparison of magnetic moments (in units of µB) in selected layers
of 4Mn/Fe(001) using different exchange parameters with those obtained with

TB-LMTO method.

6Mn/Fe(001) performed later, we choose the configuration with the lowest energy,

the layered antiferromagnetic (LAF) one. The comparison with TB-LMTO results

is shown in Table 3.8 in case of different choices of exchange parameter Jdd in TB

calculations.

In all the calculations, we present here five calculations with exchange parameter

Jdd varying from 1.05 eV through 1.15 eV. As we can see, the values of magnetic

moments increase as the value of exchange parameter increases. For the first

calculation, Jdd = 1.05 eV, it produces a very good value of magnetic moment

on the surface, with an discrepancy of only 1.5% to the TB-LMTO calculation.

However, the magnetic moments in the other layers, e.g. for the second subsurface

layer Mn(S-1) the discrepancy is close to 300%, so that this value of Jdd should not

be taken into account. Furthermore, as the errors in some layers reduce, the errors

in other layers will increase, thus we arrive at a compromise to choose the most

appropriate value for Jdd. For Jdd = 1.075 eV and 1.10 eV, the differences with

respect to the previous case are not significant. There is a jump for the magnetic
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moment on the second subsurface layer when Jdd = 1.125 eV, at which the error

in the second subsurface layer reduces significantly. As we continue increasing the

value of Jdd, the error in the subsurface becomes larger. So, finally, we take the

exchange parameter Jidd because it gives the best overall result (in all Mn layers)

compared to the TB-LMTO results.

3.4 6 Mn layers supported on Fe substrate: collinear

framework

Mn layers supported on Fe substrate is a system that possesses fruitful magnetic

effects, not only the surface and interface effects which also present in other sys-

tems, but also the complex magnetic nature of Mn which is different from other

magnetic materials (Cr, Co, Ni and so on). In the periodic table, Mn is between Fe

(typical ferromagnet) and Cr (typical antiferromagnet). The magnetic properties

of Mn might be interesting. And the coupling between Mn and Fe is expected to

be complex even in the collinear framework.

In this work, we study the system of 6 Mn layers supported on Fe(001) substrate.

The structure of Fe substrate is bcc, and the same structure continues into the Mn

layers. For more layers of Mn coverage, the structure of supported Mn tends to be

very complex. The lattice constant of Fe and the interlayer distances in Mn slab

and several Fe interface layers are taken from the experiment [128].

We implement our TB method to calculate, firstly, all the possible collinear

magnetic configurations in Mn layers, and then apply external magnetic fields

to two selected configurations up to magnetic saturation. As mentioned above,

complex configurations of Mn layers are obtained. And the magnetic evolution is

also examined.
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state E(eV ) moment(µB) configuration
0 0.000 −0.16 – + – + – +
1 0.088 0.22 + – – + – +
2 0.117 1.12 + – + + – +
3 0.199 0.12 + – + – + –
4 0.209 0.31 + – + – – +
5 0.270 −0.28 – + + – + –
6 0.294 −0.11 – + + – – +
7 0.318 −1.16 – + – – + –
8 0.381 −1.12 – + – + – –
9 0.395 −0.30 – + – + + –
10 0.464 −0.72 + – – + – –
11 0.469 0.12 + – – + + –
12 0.531 0.19 + – + + – –
13 0.604 1.12 + + – + – +
14 0.769 −0.19 – – + + – +
15 0.787 −1.18 – – + – + –
16 0.793 −1.03 – – + – – +
17 0.942 0.16 + + – – + –
18 0.950 1.03 + + – + + –
19 0.996 0.23 + + – + – –
20 1.188 −1.14 – – + + – –
21 1.272 −1.06 – – – + – +
22 1.627 −1.99 – – – + – –

Table 3.9: Collinear magnetic arrangements obtained for the 6Mn/Fe(001)
system. The signs indicate the orientation of the magnetic moments of the Mn
layers with respect to the positive z axis (Fe bulk orientation). The first sign in
each configuration refers to the surface Mn layer. Energy differences relative to
the collinear ground state and average magnetic moment for the Mn layers are

shown.

3.4.1 Intrinsic magnetic properties

We start with the analysis of the magnetic properties of six Mn layers supported

on the Fe(001) substrate. If we consider a p(1 × 1) configuration, in which the

magnetic moment of each Mn layer can point either in the +z direction (+) or in

the −z direction (−), there are 26 = 64 possible collinear magnetic configurations

in the Mn slab.

In Table 3.9 we present those collinear magnetic configurations which are so-

lutions of the self-consistent calculation. The correspondence of each pair of the
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input configuration solution input configuration solution
+ + + + + + + + – + – + – + + + + + – + – + – +
+ + + + + – + + – + + – – + + + + – – + + – + –
+ + + + – + + – + + – + – + + + – + – + – + – +
+ + + + – – + – + + – – – + + + – – – + – + – –
+ + + – + + + – + – – + – + + – + + – + + – – +
+ + + – + – + – + – + – – + + – + – – + + – + –
+ + + – – + + – + – – + – + + – – + – + + – – +
+ + + – – – + – + – + – – + + – – – – + + – + –
+ + – + + + + + – + – + – + – + + + – + – + – +
+ + – + + – + + – + + – – + – + + – – + – + + –
+ + – + – + + + – + – + – + – + – + – + – + – +
+ + – + – – + + – + – – – + – + – – – + – + – –
+ + – – + + + + – + – + – + – – + + – + – + – +
+ + – – + – + + – – + – – + – – + – – + – – + –
+ + – – – + + + – + – + – + – – – + – + – + – +
+ + – – – – + + – – + – – + – – – – – + – – + –

+ – + + + + + – + + – + – – + + + + – – + + – +
+ – + + + – + – + – + – – – + + + – – – + – + –
+ – + + – + + – + + – + – – + + – + – – + + – +
+ – + + – – + – + + – – – – + + – – – – + + – –
+ – + – + + + – + – – + – – + – + + – – + – – +
+ – + – + – + – + – + – – – + – + – – – + – + –
+ – + – – + + – + – – + – – + – – + – – + – – +
+ – + – – – + – + – + – – – + – – – – – + – + –
+ – – + + + + – – + – + – – – + + + – + – + – +
+ – – + + – + – – + + – – – – + + – – + – + + –
+ – – + – + + – – + – + – – – + – + – – – + – +
+ – – + – – + – – + – – – – – + – – – – – + – –
+ – – – + + + – + – – + – – – – + + – + – + – +
+ – – – + – + – + – + – – – – – + – – + – – + –
+ – – – – + + – – + – + – – – – – + – – + – + –
+ – – – – – + – – + – – – – – – – – – – + – + –

Table 3.10: The correspondence of 64 pairs of the input configurations and
their converged solutions in the Mn slab.

input configuration and its converged solution is shown in table 3.10.

Starting from the 64 possibilities, we have obtained 23 configurations (the other

41 inputs converge during the self-consistency to some of the solutions listed in

Table 3.9.). A interesting feature shows that the surface layer of Mn remains

unchanged when the intermediate Mn layers flip to one of the final configurations
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configurations(state) TB-LMTO our results
– + – + – + (0) 0.00 0.00
+ – + + – + (2) 0.07 0.117
+ – + – – + (4) 0.16 0.209
– + + – – + (6) 0.26 0.294
+ – + – + – (3) 0.37 0.199

Table 3.11: Comparison of the energy (in eV) of some configurations in our
TB calculations with those obtained by TB-LMTO calculations.

in Table 3.9, i.e., . This is an evidence of the particularly strong surface effect in

this system.

Some of the final configurations have been already studied in previous works

by means of ab initio DFT (TB-LMTO) calculations [125, 126]. The comparison

with our calculations is shown in Table 3.11, which is in good agreement except

state 3.

Both parallel and antiparallel couplings between Mn layers as well as at the

Mn/Fe interface exist. The ground state in the collinear framework shows antipar-

allel couplings between Mn layers and a parallel coupling at the Mn/Fe interface,

in agreement with experimental results[123, 124]. As a general trend, we find that

those metastable configurations which are energetically close to the ground state

have antiparallel coupling between the Mn-surface and subsurface layers as well

as between the Mn layers adjacent to the Fe interface, and a parallel coupling

at the Mn/Fe interface. A variety of metastable configurations corresponding to

different magnetic couplings in Mn (particularly in the central layers of the slab)

are obtained within a small energy range. The existence of all these metastable

configurations indicates two facts: i) this system is a clear candidate to exhibit

more stable noncollinear magnetic arrangements if we remove the constraint of

collinearity. This is in accordance with results of Hafner and D. Spǐsák [126] for

supported Mn slabs with 1 or 2 layers thicknesses; ii) This system should be par-

ticularly interesting as regard to its response to external magnetic fields. In this

context, it is also interesting to note that the magnetic moments of Mn are quite

large, being the surface and the interface moments (4.0µB and 3.0µB, respectively)
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larger than the moment of the central layers (between 2.5− 2.9µB), as the effects

of decreasing the number of neighbors (surface) and the influence of the effective

magnetic field from the Fe layers (interface) are taken into account.

3.4.2 Response to external magnetic fields

Starting from the system in its collinear ground state (configuration 0 in Table 3.9),

we apply an uniform external magnetic field along the moments of Fe substrate,

choosing the z axis as parallel to the field. We calculate the electronic structure

and magnetic configurations as functions of the field, whose intensity is increased

by 100 T until the system reaches the magnetic saturation. Then the field intensity

is decreased to zero. In Figure 3.1 we plot the average magnetic moment in the Mn

slab as a function of the external field. Each point in this graphic represents a self-

consistent calculation. Units of the external field are referred to BC
S = 14× 103T,

which is the intensity required for the system to become magnetically saturated

in the collinear framework. In the magnetically saturated configuration (S in

Fig. 3.1 and Fig. 3.2) all the local magnetic moments of the system are oriented

along the field (also those of the Fe substrate) and reach their maximum value

since the electronic structure is fully spin-polarized. It is worth to note that

intermixing at the interface can decrease the spin-flip magnetic field. Calculations

performed within collinear periodic Anderson model for Fe/Cr multilayers [134]

demonstrate that even the shape of hysteresis loop calculated individually for Fe

and for Cr atoms changes significantly depending on the chemical structure of the

interface region. In Figure 3.1 we observe both smooth and sharp changes of the

average magnetization depending on the external field. When the average moment

increases (or decreases) smoothly as a function of the field, the electronic structure

of the system corresponds to a magnetic configuration in which the moduli of

the local moments vary while preserving the relative magnetic couplings. Those

regions are marked with a bidirectional arrow indicating their reversible character.

When the external field reaches a critical value, it overcomes a local exchange

coupling, and an irreversible change in the response is obtained. This situation is
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reflected by a sharp change in Figure 3.1. The system undergoes a transition to

a magnetic configuration where, not only the moduli of the local moments vary,

but also their relative exchange couplings change. If, at this point, the applied

external field is reduced, the old configuration is not immediately recovered, but

at an smaller applied field. The system describes then a hysteresis cycle, as can

be seen in Figure 3.3 and Figure 3.4 between solutions 2 and 1. In Figure 3.1

several of such irreversible transitions can be identified. One of them leads the

system to a magnetic configuration with local exchange couplings similar to those

of solution 4 in Table 3.9, but with different magnitudes due to the presence of the

external field. There are other irreversible transitions which lead to configurations

showing magnetic behaviors which are not selfconsistent solutions in the absence

of external field and, therefore, are not presented in Table 3.9. These are, namely,

a (−+ + +−+), b (−+ + + ++), and c (+ + +−++).

By analyzing the electronic structure and the magnetic configurations of the

system as increasing the external field, we come to conclusions about the relative

strength of the exchange couplings at the different parts of the Mn slab. As

increasing the field intensity, moments of the central layers are the first to flip and

to point along the field orientation (configuration a), followed by the moments close

to the interface (configuration b), and finally by the surface moments. Notice that

the local moments at the surface are larger than the rest. These results indicate

that the antiparallel exchange couplings at the central layers of Mn are weaker

than those at the interface and than those at the surface regions. This is consistent

with the results obtained in the absence of external field, where the antiparallel

couplings at the surface region and near the interface characterize the metastable

solutions close to the ground state, see Table 3.9.

The average magnetic moments and magnetic moments in each layer of Mn

slab for the intermediate configurations in the evolution shown in Figure 3.1 are

listed in Table 3.12. These configurations do not exist when the magnetic field is

released.
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Figure 3.1: Evolution of the average magnetic moment (collinear approach)
in the Mn slab as a function of the external uniform magnetic field (in units of
the saturation field BC

S ) starting from the collinear ground state: from 0 to BC
S

(black squares) and from BC
S to 0 (red circles). Bidirectional arrows indicate

the reversible parts of the process. Note that the red circle and black square at
0 T don’t overlap, actually the vertical difference between them is the energy
difference between configurations 0 and 4 in Table 3.9, which is about 0.2 eV .

configuration field(BC
S ) µS µS-1 µS-2 µS-3 µS-4 µS-5

a 0.98 -3.89 3.09 2.96 3.01 -2.44 3.16
b 2.41 -3.46 3.54 3.54 3.59 3.64 3.59
c 2.36 4.15 3.26 3.08 -2.41 2.96 3.13
S 3.86 4.05 3.76 3.77 3.75 3.71 3.71

Table 3.12: Magnetic moments of Mn layers for the selected intermediate
configurations in Figure 3.1. The subscript S indicates the surface, S-1 the

subsurface, and so on.
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Figure 3.2: Evolution of the total energy in Mn slab for the process shown in
Fig. 3.1.

Figure 3.3: Evolution of the average magnetic moment as in Figure 3.1 but
starting from the metastable solution 4 and closing the cycle before reaching

the magnetic saturation.
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Figure 3.4: Evolution of the total energy as in Figure 3.2 but starting from
the metastable solution 4 and closing the cycle before reaching the magnetic

saturation.

The non-reversible character of the transitions between configurations having

different relative exchange couplings gives rise to the possibility of using a ex-

ternal magnetic field for tuning the system between different magnetic solutions

which are local minima in the absence of an external field. This fact is already

demonstrated in Figure 3.1. Starting from the ground state (configuration 0),

we were able to excite the system to configuration 4, which is a local minimum

without an external field. These two solutions have similar average magnetic mo-

ment, but it is also possible to switch the system between two configurations with

different average magnetization, as shown in Figure 3.3. In this case, starting

from solution 4, we can reach solution 2 of Table 3.9 well before the magnetic

saturation of the system. From solution 2 we can reach solution 1, closing the

cycle, by using appropriate fields. Therefore, we are able to switch the system

between configuration 1 (with a low average moment of 0.22µB) and configuration

2 (with high average magnetization of 1.12µB), and vice versa. We show in Table

3.13 the average magnetic moments and magnetic moments in each layer of Mn
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configuration field(BC
S ) µS µS-1 µS-2 µS-3 µS-4 µS-5

1 0.02 3.95 -3.00 -2.87 2.37 -3.09 2.77
2 1.27 4.07 -2.77 2.90 2.89 -2.55 3.09
4 0.31 4.05 -2.98 2.89 -2.66 -2.32 2.87

Table 3.13: Magnetic moments (in units of µB) of Mn layers for the selected
intermediate configurations in Figure 3.3.

slab for the intermediate configurations in Figure 3.3. In this case, the average

magnetic moment of configuration 2 is larger than that without external magnetic

field, while the moment of configuration 1 is smaller. These differences are caused

by the applied field. Although in this example we have artificially constrained

the system to collinear configurations, situations similar to the present one can

be achieved in systems with a strong uniaxial anisotropy, like single molecular

magnets, mentioned in the introduction.

3.5 6 Mn layers supported on Fe substrate: non-

collinear framework

In view of the multiple magnetic solutions obtained in the collinear framework,

Mn is a clear candidate to exhibit noncollinear effects. This possibility has been

explored within the DFT approach by Hafner and Spǐsák [126] for one or two

Mn layers supported on Fe. Larger thicknesses require a huge computational cost

within DFT. The magnetic frustration in the Mn/Fe(001) system arises partly

from the ferromegnetic/antiferromagnetic interface, but mostly from the strange

properties of Mn itself.

3.5.1 Intrinsic magnetic properties

In Figure 3.5 we show the magnetic configuration of the noncollinear ground state

obtained for six Mn layers supported on Fe(001). This solution presents local cou-

plings approaching to those obtained in the ground state collinear configuration
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Figure 3.5: Noncollinear ground state of 6 Mn layers supported on Fe(001)
substrate in absence of external magnetic field. One atom per (001) layer is
shown. The Mn atoms are represented by yellow balls while the Fe atoms are
represented by red balls. The Mn atoms are represented by yellow balls while
the Fe atoms are represented by red balls. The arrows are proportional to the

local magnetic moments.

(antiparallel couplings between Mn layers, and parallel couplings at the Mn/Fe

interface and between Fe layers) but, in contrast, the surface magnetic moment is

now perpendicular to the Fe bulk moment. The noncollinear ground state (Fig-

ure 3.5 and the collinear one (solution 0 of Table 3.9)) have otherwise similar

energies, differing in 1 to 2 meV. The small energy difference can be understood

considering that the local magnetic couplings are essentially preserved. Moreover,

only one self-consistent magnetic arrangement (local minimum) is found in the

noncollinear case, regardless of the input. As soon as one of the metastable config-

urations found in the collinear case is slightly perturbed and introduced as input

of the noncollinear calculation, it evolves towards the noncollinear ground state.

The release of the collinear constraint provides a new degree of freedom to the
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local moments and their relative exchange couplings. We have seen that in the

collinear framework the ground state can be only reached through the variations of

the moduli of the local moments, and the system can get trapped in multiple local

minima. Now, within the noncollinear framework, the local moments can contin-

uously rotate during self-consistency towards the ground state. The mechanism

of spin-flip is therefore different in both frameworks, and this will have important

implications in the response of the system to external magnetic fields. As we will

see in the next section, in the noncollinear picture the local moments will tend to

rotate towards the field while preserving, at the same time, their relative exchange

couplings.

3.5.2 Response to external magnetic fields

In the noncollinear framework the local magnetic moments of the system can

have both longitudinal and transversal components (referred to the direction of

the moment in the bulk). In Figure (3.6-3.8) we plot both components of the

total moment in the Mn slab as a function of the external field, starting from the

noncollinear ground state shown in Figure 3.5. As in the collinear case, each point

represents a self-consistent calculation. In contrast to the collinear picture, now the

response is reversible because the local moments can rotate and there is only one

magnetic solution for a given value of the external field. Lower applied magnetic

fields are now required to change the magnetic configuration, as compared with

the collinear case. For instance, the applied field needed to reach the magnetic

saturation is now BNC
S = 9.4 × 103 T, about two thirds of the value obtained in

the collinear situation.

In Figure 3.9 we show several selected magnetic configurations corresponding

to different intensities of the applied field. Their magnetic moments are listed

in Table 3.14. In absence of external field, the longitudinal component of the

total magnetic moment in the Mn slab is very small (1.32µB). As the field is

applied, the total moment rotates towards the field and the longitudinal component

increases rapidly (see Figure 3.6). However, there is a competition between the
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Figure 3.6: Evolution of the longitudinal component of the total magnetic
moments in the Mn slab as a function of the external magnetic field (in units
of the saturation field BNC

S ) starting from the noncollinear ground state. The
symbol (a) in the subfigure corresponds to the ground state in Figure 3.5, and

(b-f) for those states presented in Figure 3.9.

configuration transversal moment(µB) longitudinal moment(µB) total moment (µB)
a -0.103 1.324 1.328
b -0.188 1.466 1.478
c -0.001 1.835 1.835
d -0.011 1.965 1.965
e 0.024 2.737 2.737
f 0.000 3.121 3.121

Table 3.14: Total magnetic moments of Mn slab for the selected intermediate
configurations in Figure 3.6.
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Figure 3.7: Evolution of the transversal component of the total magnetic
moments in the Mn slab as a function of the external magnetic field (in units
of the saturation field BNC

S ) starting from the noncollinear ground state. The
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0.00 0.25 0.50 0.75 1.00 1.25
-10

-8

-6

-4

-2

0

f

e

c
d

a

En
er

gy
 (e

V)

Magnetic field (BS
NC)

Figure 3.8: Evolution of the total energy in Mn slab for the process shown in
Panel Figure 3.6 and 3.7.
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tendencies of the local moments to align themselves with the field and to preserve

their local antiparallel exchange coupling. This is clear in the selected magnetic

configurations of Figure 3.9 for low fields, in which not all the local moments

rotate towards the field. For instance, for B = 0.01BNC
S the moment of the

subsurface Mn layer tries to preserve its antiparallel coupling with the moment

of the surface layer, which rotates itself towards the field. This also happens in

other parts of the slab. As increasing the field up to about 0.1BNC
S , the magnetic

moments continue rotating; while the intensities of external magnetic fields are

between this value and 0.3BNC
S , the local couplings in the system are similar to

those of the collinear solution 2 of Table 3.9. In other words, the system gets

trapped in a collinear magnetic configuration. This is reflected in the longitudinal

and transversal components of the total magnetization in Figures 3.6 and 3.7,

which stay almost constant between the referred fields. A less steep region of the

energy plot in Figure 3.8 also shows this collinear configuration. For fields beyond

0.3BNC
S the moments keep rotating up to the magnetic saturation. As obtained in

the collinear framework, the magnetic couplings in the central layers are weaker

than those at the interface region and at the surface.

Recently experimental results by Kojima et al [135] for the CdCr2O4 system

show a similar noncollinear remagnetization feature at low temperature, below

26 K. They applied external magnetic fields up to 140 T in their geometrically

frustrated system which saturated at 90 T . These authors referred to a 1/2 plateau

phase in which Cr3+ has a 3-up 1-down collinear spin configuration between 28

T and 62 T. In our calculations for the Mn/Fe system we also obtain a collinear

window for field intensities between 0.1BNC
S and 0.3BNC

S . As regard to the order

of magnitude of the required external fields during the remagnetization process,

we note that the exchange parameter J = 0.6 meV estimated by Kojima et al for

the system CdCr2O4 is several orders of magnitude weaker than those involved in

our Mn/Fe system (J = 1.125 eV in Mn layers and J = 1.265 eV in iron layers).

Therefore, huge external fields are expected to be required for the remagnetization

process in our case, and in particular to reach the magnetic saturation.
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(a) 0.01BNC
S (b) 0.1BNC

S

(c) 0.3BNC
S (d) 0.6BNC

S

(e) BNC
S

Figure 3.9: Selected noncollinear magnetic configurations corresponding to
different values of the uniform external magnetic field applied in the z direc-
tion. One atom per (001) layer is shown. The Mn atoms are represented by
yellow balls while the Fe atoms are represented by red balls. The arrows are
proportional to the local magnetic moments, and the direction of the magneti-
zation in the Fe bulk is parallel to the external field which is represented by the

black vector under each figure.
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The very different behavior of the system in collinear or noncollinear frameworks

emphasizes the necessity of using the latter one when studying in a realistic manner

systems like the one investigated here.

3.6 Conclusion

We have studied the system of 6 Mn layers supported on Fe(001) substrate both

in collinear and noncollinear frameworks using our semiempirical TB method. As

expected, due to the complex magnetic properties of Mn, we obtain 23 collinear

configurations in the Mn layers. The ground state is the layered antiferromagnetic

configuration, – + – + – +. We subsequently apply external magnetic fields to

the ground state and the state 4, + – + – – +. As the fields increase, there are

reversible regions accompanied by sudden jumps between them. The saturation

field is very huge, about 14×103 T, because to convert the antiferromagnetic cou-

pling to ferromagnetic coupling must cost high energy, and the magnetic moments

can only reduce in magnitude and change signs to achieve the saturation.

When the constraint of collinearity is released, we obtain only one noncollinear

magnetic configuration in the absence of external magnetic fields. Although the

magnetic moment of the Mn surface is 90 degrees coupled with the Fe substrate,

local antiparallel coupling in Mn layers and Mn/Fe interface preserves. When

external magnetic fields are applied, the magnetic moments can rotate to reach the

saturation. As expected, the saturation field is much smaller (about 9.4× 103 T)

than that in the collinear case, but still high compared to the magnetic fields in

experiment.

The different behavior of the system of 6 Mn layers on Fe substrate in collinear

and noncollinear frameworks indicates the latter one is more basic in nature. How-

ever, due to the huge magnetic field, there is no application possibility of our cal-

culations in the Mn/Fe(001) system. But experimentally reasonable systems may

be studied in the same line using our TB method.
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Chapter 4

Cr on a Stepped Fe Substrate

4.1 Introduction

In the previous chapter, we have shown the noncollinear magnetic structure and

its response to external magnetic fields in the system of 6 Mn layers deposited

on Fe substrate, in which the complex nature of Mn and the competition of fer-

romagnetic and antiferromagnetic interactions provide the magnetic frustration.

We will investigate, in this chapter, the typical antiferromagnet Cr supported on

Fe substrates, firstly the analogous structure of the Mn/Fe(001) system, then Cr

on a stepped Fe substrate, and then Cr lines are added on the top gradually. The

stepped system and added lines are studied based on two considerations: one is

that the system with a smooth Cr-Fe interface may not be complex enough to

cause noncollinear frustration because the magnetic property of Cr is not so com-

plex as Mn, so geometrically more frustrated structure may be needed to induce

noncollinearity in Cr/Fe system; the other is from the experimental point of view,

the deposition of one material on another material carried out in laboratory is

often associated with defects, such as steps and islands.

The systems containing Fe and Cr have been studied extensively in recent years

because of their interesting properties, which have potential technological appli-

cations, such as the giant magnetoresistance [65, 66] and the exchange coupling

63
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in multilayers [136–140]. Furthermore, the existence of noncollinear magnetic sys-

tems has been demonstrated both experimentally in multilayers and Cr/Fe alloys

[141, 142] and by theoretical calculations in multilayers [58, 143].

Vega et al [57] studied the system of Cr monolayer deposited on Fe(001) with

a step of monoatomic height using a simple method, in which the authors only

considered the d electrons and collinear magnetic moments. They found collinear

magnetic frustration and several different solutions present in that system, which

are two clear indications of the existence of noncollinearity. Robles et al [130]

confirmed these predictions later in the noncollinear framework. We will study

this system under external magnetic fields.

The experimental studies of Cr/Fe systems present interesting results, especially

when related to the magnetization in the systems of surfaces coated with small Cr

clusters, interlayer antiferromagnetic order of Cr, and the magnitude moment of

Cr. The experimental results of the scanning electron microscopy with polarization

analysis shows a large decrease in the magnetization on the surface of Cr/Fe(001)

when 0.1 monolayer of Cr is deposited [136, 144]. In other studies, however, a much

higher value of the deposited Cr than that of the solid Cr, 4.5 µB [145], is obtained.

The photoemission measurements of Cr/Fe(001) interface show that the Cr layers

are aligned antiferromagneticly on Fe substrate [146, 147]. This could imply that

when two Fe films are separated by an odd number of layers of Cr, they would be

ferromagneticly coupled. But other different measurements show an ferromagnetic

coupling between two Fe films when they are separated by an even number of Cr

monolayers [148], which also yields an oscillatory behavior below 20 layers. The

average value of the magnetic moment of Cr in a Cr monolayer supported on

Fe(001) according to different experiments ranges from zero [149] to large values

of the solid Cr [146] or three times of this value [150]. All these features may be

due to interdiffusion effects in the Cr/Fe interface [151]. These effects could lead

to the magnetic frustration.

In this chapter we investigate the system of a Cr monolayer deposited on the

stepped Fe substrate in the [001] direction, shown in Figure 4.1, and several (from
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Figure 4.1: Schematic diagram of the system of a Cr (red) monolayer deposited
on the stepped Fe (blue) substrate.

one through four) Cr lines are added subsequently on the surface of this system,

the case of four additional Cr lines corresponds to two Cr layers on the stepped

Fe substrate. Firstly, the situations without external magnetic field are calculated

for each system, and then magnetic fields are introduced and increased up to their

magnetic saturations.

4.2 Parametrization

The parameters of Fe considered for the calculations in Cr/Fe step systems coincide

with those of the previous chapter in the Mn/Fe system. For Cr, we use the method

described in Section 2.3.7 to obtain the parameters in GCN. The procedure runs

as follows. Firstly, The TB-LMTO calculations for solid and the free monolayers

and bilayers in different crystallographic orientations are performed. From these

calculations the band centers ε0,ref
i,α are obtained which are listed in Table 4.1.

Table 4.2 presents the parameters of Cr for the GCN in a fit to Cr solid, mono-

layer and bilayers (SMB) and a free Cr bilayer. As can be seen in the previous

chapter, these parameters between different materials, although the differences are

significant, are of the same order of magnitude. After a series of tests, compar-

ing the results obtained by TB method and TB-LMTO method, we choose the

parameters of Cr that are fitted from Cr solid, monolayer and bilayers.
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ε0,ref
s ε0,ref

p ε0,ref
d Ns Np Nd Ntot

solid 5.07 9.34 0.87 0.62 0.83 4.55 6.00
monolayer(001) 1.02 4.68 −5.10 0.41 0.14 4.39 4.95
monolayer(110) −0.11 4.05 −5.46 0.55 0.38 4.56 5.48
monolayer(111) 2.95 6.32 −3.68 0.28 0.05 4.30 4.62

bilayer(001) 0.02 3.75 −4.88 0.57 0.43 4.61 5.61
bilayer(110) −0.43 3.63 −5.04 0.60 0.60 4.61 5.81
bilayer(111) 1.53 5.26 −4.23 0.51 0.22 4.51 5.25

Table 4.1: Values of the band centers (in units of eV) and charges in various
Cr systems.

(eV) ε0,at
s ε0,at

p ε0,at
d ξs ξp ξd

SMB −7.84 −4.34 −24.95 −0.12 −0.03 0.04
bilayer −5.98 −2.62 −23.28 −0.80 −0.70 −0.60

Table 4.2: Parameters of Cr for GCN from the fit of solid, monolayers and
bilayers(SMB) and a free bilayer.

The hopping integrals tαβ
ij and the exchange parameter Jdd are taken from a fit

in TB calculations of Cr multilayers on Fe. The exchange parameter is chosen

to a value of 1.08 eV which, although is not a perfect result, is suitable for the

treatment of the whole system.

4.3 Collinear results

4.3.1 6 layers of Cr on smooth Fe substrate

For comparison, we firstly carried out the calculations of 6 Cr monolayers deposited

on Fe(001) substrate in the collinear framework, similar to what we did for the

Mn/Fe(001) system. Nothing in surprise happened, 64 initial magnetic configu-

rations converge to only one result, + − + − +− (in the same notation of the

previous chapter). This implies that the collinear layered antiferromagnetic con-

figuration is the natural coupling. We next study more complex structures of the

Cr/Fe system, in which the Fe substrate contains a stepped structure. Magnetic

frustrations may emerge in such systems.
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4.3.2 Intrinsic magnetic properties of Cr on stepped Fe

substrate

Now we will study the systems shown in Fig. 4.1. Each step contains four rows

of Cr atoms. Then additional rows of Cr atoms are added one by one on the top,

from one row to four rows. When four additional rows of Cr atoms are added, it

is really the case of two monolayers of Cr.

In this section, we show the results of the intrinsic magnetic properties of the

Cr/Fe stepped systems without external magnetic field. As discussed before, the

geometrically frustrated structures should result in noncollinear magnetic config-

urations in the step area. But the local antiferromagnetic coupling among the

corner Cr rows are relatively preserved. The results are presented in the following

paragraphs.

Cr monolayer

Let us start with the case of pure Cr step on Fe substrate. The noncollinear

configuration is shown in Figure 4.2. Although the magnetic frustration occurs

due to the step, local antiferromagnetic couplings between Cr rows 1, 2, 3 and Fe

rows 6,7,8 preserve almost perfectly. While Cr row 4 at the corner of the step is

approximately antiparallel coupled with the adjacent Cr row on the lower step,

it can not preserve parallel coupling with the Cr rows on the same step. The

magnitudes and directions of the magnetic moments of the most frustrated block

of Cr and Fe rows marked with numbers from 1 to 8 in Figure 4.2 are shown in

Table 4.3. Due to the effect of lack of coordination, the magnetic moments of rows

2,3 and 4 are larger than that of row 1. The moments of Fe substrate do not vary

significantly from the bulk Fe, and they are not canted drastically. For Fe atoms,

row 8 is the most frustrated, since it is surrounded by three Cr rows, compared to

two Cr rows for Fe rows 5, 6 and 7. This is reflected by the canted angle. Row 8

has the biggest angle, 40◦, in the Fe substrate.

One additional Cr row
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Figure 4.2: Noncollinear magnetic configuration of the system of a Cr mono-
layer on the stepped Fe[001] substrate. The Cr atoms are represented by green
circles and the Fe atoms are represented by red circles. The local magnetic
moments are shown by arrows. The size of the arrows is proportional to the

local magnetic moments.

atom moment(µB) angle(degree)
1 2.05 137.36
2 2.77 165.01
3 2.81 165.77
4 2.70 64.02
5 2.16 5.95
6 2.16 -19.24
7 2.21 -16.74
8 2.16 -39.17

Table 4.3: Magnetic moments and angles of selected rows shown in Figure
4.2.
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Figure 4.3: Noncollinear magnetic configuration of one additional Cr row on
the Cr/Fe step system.

atom moment(µB) angle(degree)
1 2.22 -32.89
2 1.09 130.38
3 1.93 153.35
4 2.76 152.97
5 2.00 99.08
6 2.20 16.65
7 2.07 -16.10
8 2.16 -26.19
9 2.15 -37.51

Table 4.4: Magnetic moments and angles of selected rows shown in Figure
4.3.
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In Figure 4.3, we present the magnetic configuration of the system of one addi-

tional Cr row (row 1) on the Cr/Fe step system. The magnitudes and directions

of the magnetic moments of selected rows are listed in Table 4.4. One can observe

that due to the additional row 1, the local environment of Cr rows 2, 3 and 5

change essentially. Row 2 is now largely frustrated, its magnetic moment reduces

from 2.05 µB in the case of pure step system to 1.09 µB. However, the local an-

tiferromagnetic coupling between the Cr layer and the lower Fe layer is relatively

preserved.

Two additional Cr rows

In the case of two additional Cr rows are deposited on the Cr/Fe step system,

shown in Figure 4.4, the rows 3 and 4 are influenced more significantly than the

case of one additional Cr row is added. In Table 4.5, we can see the magnetic

moment of row 3 reduces further to 1.01 µB. Rows 4 and 5 are also affected by

the additional rows, but row 6 remains almost unchanged both in magnitude and

in direction of the magnetic moment. Approximately layered antiparallel coupling

between the Cr layer and adjacent Fe layer still remains beside atom 6.

Three additional Cr rows

Introducing one more additional Cr row on the Cr/Fe step system, we obtain

the structure in Figure 4.5. As expected, the Cr rows 4, 5 and 6 are further

frustrated. The magnitudes and directions of the magnetic moments of selected

rows shown in Table 4.6 verify this trend. Their magnetic moments reduce to

0.88 µB, 1.13 µB and 1.23 µB from 1.01 µB, 1.26 µB and 1.95 µB in the case of

two additional Cr rows are added, respectively. It is worthwhile to point out that

the magnetic moment of row 7 rotates and reduces drastically, the magnitude of

magnetic moment from 2.00 µB to 1.33 µB, and the direction from 92◦ to −128◦.

Since the introduction of row 3, row 6 becomes an inner row similar to rows 4 and

5. This demonstrates the significant influence of numbers of coordinations, i.e.,

local electronic environment, to the properties of atoms in solid.

Four additional Cr rows (two Cr monolayers)
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Figure 4.4: Noncollinear magnetic configuration of two additional Cr rows on
the Cr/Fe step system.

atom moment(µB) angle(degree)
1 1.63 -44.38
2 2.31 -33.56
3 1.01 128.56
4 1.26 146.05
5 1.95 146.61
6 2.00 91.65
7 2.20 23.41
8 2.09 -16.48
9 2.08 -31.21
10 2.11 -47.85

Table 4.5: Magnetic moments and angles of selected rows shown in Figure
4.4.
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Figure 4.5: Noncollinear magnetic configuration of three additional Cr rows
on the Cr/Fe step system.

atom moment(µB) angle(degree)
1 1.50 41.38
2 1.70 35.31
3 2.15 53.87
4 0.88 -131.25
5 1.13 -147.55
6 1.23 -141.15
7 1.33 -128.30
8 2.17 -1.27
9 2.05 19.94
10 2.10 23.83
11 2.01 19.29

Table 4.6: Magnetic moments and angles of selected rows shown in Figure
4.5.
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Figure 4.6: Noncollinear magnetic configuration of four additional Cr rows
(two monolayers of Cr) on the Cr/Fe step system.

atom moment(µB) angle(degree)
1 1.05 55.86
2 1.61 49.32
3 1.54 73.47
4 1.88 117.13
5 0.75 -138.10
6 1.14 -135.43
7 1.07 -131.01
8 0.79 -88.27
9 2.14 9.19
10 2.04 33.87
11 2.06 30.84
12 2.04 16.88

Table 4.7: Magnetic moments and angles of selected rows shown in Figure
4.6.
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When four addtional Cr rows are deposited on the Cr/Fe step system, it is ac-

tually a system with two layers of Cr coverage. The antiferromagnetic coupling

between Cr layers which is similar to the case of bulk Cr is approximately pre-

served. The sublayer which consists of rows 5, 6, 7 and 8 is covered by another

complete layer of Cr atoms, so their magnetic moments are reduced once more,

see Table 4.7.

As a short conclusion of the magnetic properties of above Cr/Fe step systems

without external magnetic fields, we summarize the common features in these

systems. Firstly, the local antiferromagnetic couplings between Cr layers and

between Cr layer and adjacent Fe layer are approximately preserved except for the

corner Cr rows which possess different local electronic environments. Secondly, Fe

substrates are affected but not significantly by the Cr coverage. That is, only slight

rotations of magnetic moments of Fe atoms occur, no flip appears. Furthermore,

as more additional Cr rows are added, the inner Cr atoms are frustrated more

evidently. But the surface Cr atoms always carry stronger magnetic moments,

since they are lack of coordinations with respect to the inner Cr atoms.

4.4 Response to external magnetic fields

When external agents (for example, external magnetic fields) are applied to the

magnetically frustrated system, the magnetic moments would rotate rather than

flip to align with the external field in the noncollinear framework. As can be seen in

our calculation of Mn/Fe(001) system and the experiment result of CdCr2O4 [135],

a collinear region appears in the evolution of magnetic moments under applied

magnetic fields. Is this a common feature for all noncollinear systems? We will

answer this question after we have investigated the response of the Cr/Fe step

systems to external magnetic fields. Due to the saturation magnetic fields are

still huge in the Cr/Fe step systems, typically more than 10000 T , we choose an

increment of 200 T as the field increases.

Cr monolayer
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In the case of pure one monolayer Cr step on Fe substrate, we start from the

noncollinear configuration shown in Figure 4.2 and increase the magnetic field

gradually up to the magnetic saturation at BS = 10800 T . The evolutions of mag-

nitudes and directions of the magnetic moments of the 4 inequivalent Cr atoms

are shown in Figure 4.7. In panel (b) of Figure 4.7, there is no collinear config-

uration during the noncollinear evolution, i.e., no jump of angles from 180◦ to 0◦

appears. The directions of magnetic moments of Cr atoms rotate smoothly to

align with the Fe substrate. This example answers the question posed previously:

it is not necessary for a magnetically frustrated system to go through one or more

collinear configurations to reach the magnetic saturation. The collinear configu-

ration only appears when there is a barrier to rotate the magnetic moment, that

is, the collinear configuration is the one with lowest energy when certain exter-

nal magnetic fields are applied. After overcoming the barrier, the system would

jump to a noncollinear configuration again, and continue rotating other magnetic

moments.

One additional Cr row

Different from the situation in the system of pure one Cr monolayer on the

stepped Fe substrate, the case of one addtional Cr row on the Cr/Fe step system

is more complicated. One can see in Figure 4.8, at 9600 T (0.6 BS, where the

saturation field BS = 16000 T .) the magnetic moment of row 2 is antiparallel to

the Fe substrate, i.e., the angle in panel (b) is 180◦. At this point, the system is

collinear. As the magnetic field continues increasing, the magnetic moment of row

2 does not rotate, its magnitude reduces to zero at 12000 T (0.75 BS), see panel

(a), and then increases in the opposite direction until the magnetic saturation at

16000T . As discussed in the case without external magnetic fields, row 2 is fully

surrounded by Cr and Fe atoms, it tends to have the similar properties of the

smooth Cr/Fe system, which is collinear, when certain external magnetic fields

are applied.

Two additional Cr rows
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(a)

(b)

Figure 4.7: Evolution of the magnitudes (a) and directions (b) of the magnetic
moments of Cr rows under external magnetic fields in the system of a pure Cr
monolayer on the stepped Fe substrate. The atom labels correspond to those

shown in Fig. 4.2. The saturation magnetic field BS = 10800 T .
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(a)

(b)

Figure 4.8: As in Fig. 4.7 for the system represented in Fig. 4.3. The
saturation magnetic field BS = 16000 T .
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The case of two additional Cr rows on the Cr/Fe step system is even more

complicated. As shown in Figure 4.9, to reach the magnetic saturation at BS =

15000 T , there are two collinear regions to overcome. One is between 2000 T

(0.13 BS) and 7000 T (0.47 BS), in which the magnetic moments of rows 3, 4

and 5 are antiparallel to the moment of Fe substrate. Their magnetic moment

decrease until the system changes to noncollinear configuration at 7000 T . When

the magnetic field increases to 9600 T (0.64 BS), the magnetic moment of row

5 rotates to be parallel to the moment of Fe substrate, the system enters into

collinear configuration again. Until 11800 T (0.79 BS), the magnetic moments

of rows 3 and 4 rotate quickly to align parallelly to the moment of Fe substrate.

Then the magnetic moment at each site increases up to the saturation at 15000 T .

Three additional Cr rows

For the structure of three additional Cr rows on the Cr/Fe step system, Fig-

ure 4.10 shows the evolutions of the magnitudes and directions of the magnetic

moments Cr atoms under external magnetic fields. This system saturates at

BS = 16000 T . When external magnetic field is applied, the system jumps to

a collinear configuration very soon at 400 T (0.025 BS). In the collinear region,

row 7 flips to parallel to the reference direction (the direction of the magnetic

moment of the Fe substrate) at 5000 T (0.31 BS), followed by the flip of row 4

at 8400 T (0.53 BS). At 10200 T , the system changes to noncollinear configura-

tion until all the magnetic moments align parallelly to the reference direction at

14000 T (0.875 BS).

Four additional Cr rows (tow Cr monolayers)

For the system of two Cr monolayers deposited on the Fe substrate, a large

collinear region appears from 2000 T through 10600 T , in which the magnetic

moments of rows 2, 3, 4 are parallel to the reference direction (the direction of

the magnetic moment of Fe substrate), while other rows are antiparallel to this

direction at first. Rows 1 and 5 flips to align with the reference direction at 4000 T ,

and then atom 6 flips at 8000 T . The collinear evolution ends at 10600 T , then
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(a)

(b)

Figure 4.9: As in Fig. 4.7 for the system represented in Fig. 4.4. The
saturation magnetic field BS = 15000 T .
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(a)

(b)

Figure 4.10: As in Fig. 4.7 for the system represented in Fig. 4.5. The
saturation magnetic field BS = 16000 T .
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(a)

(b)

Figure 4.11: As in Fig. 4.7 for the system represented in Fig. 4.6. The
saturation magnetic field BS = 16000 T .
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in a noncollinear evolution the magnetic moments of rows 7 and 8 rotate to be

parallel to the reference direction at 15000 T .

To summarize, we know that the system of Fe monolayers on smooth Cr(001)

substrate has a collinear configuration. The chemical unparity of Cr and Fe does

not induce a noncollinear configuration at the smooth interface. When the Fe

substrate has a step, the magnetic frustration happens heavily in the step area.

But locally antiferromagnetic coupling between Cr and Fe atoms is relatively pre-

served. Due to the strong coupling between Cr atoms and between Fe and Cr

atoms, the external magnetic field needed to align all the magnetic moments with

the field is huge. When more and more additional Cr rows are added on the top of

the Cr/Fe step system, the number of inner Cr atoms increases, and their magnetic

properties approach the smooth Cr/Fe system, that is, the collinear evolution of

the magnetic moment under external magnetic fields.

4.5 Conclusion

In this chapter we have studied the system of 6 Cr monolayers on Fe(001) substrate

and Cr deposited on the stepped Fe(001) substrate in the noncollinear framework

using our semiempirical TB method. The natural coupling between Cr and Fe is

strong and antiferromagnetic. The noncollinear calculation of the 6Cr/Fe system

results in a collinear antiferromagnetic configuration, which is very different from

the 6Mn/Fe system discussed in the previous Chapter.

The Cr/Fe step system is a complicated system which has both geometric frus-

tration, the step, and chemical frustration, the Cr and Fe neighbors. Magnetic

frustrations happen in the step area, especially at the corner of the step due to

the lack of coordinations. But approximately local antiferromagnetic coupling

preserves between the Cr and Fe interface except the corner Cr atoms. When

additional Cr rows are added from one row to four rows on the top, some of the

previous surface Cr atoms become “inner” atoms, and their magnetic properties

tend to be like the atoms in the smooth Cr/Fe interface. After external magnetic
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fields are applied, the evolution of the magnetic moments in the system of one Cr

monolayer on stepped Fe substrate is totally noncollinear. However, in the sys-

tems with additional Cr rows collinear regions appear in the evolution of magnetic

moments. The more Cr rows are added, the larger the collinear regions.
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Chapter 5

Conclusions

In this thesis we used the semi-empirical TB method in combination with the

ab initio TB-LMTO method for the electronic structure and magnetic properties

in the system of 6 Mn(Cr) layers supported on Fe(001) and the Cr/Fe(001) step

systems. The TB method employed allows the treatment of noncollinear magnetic

configurations. With this method, the calculation of systems with a large number

of inequivalent sites is possible in a reasonable time period. We have investigated

response of the Mn/Fe(001) system and the Cr/Fe(001) step systems with adatoms

to external uniform magnetic fields.

For the Mn/Fe(001) system, we firstly reproduced the calculation in collinear

framework and in absence of an external field, we have obtained multiple mag-

netic configurations in Mn layers, the ground state showing antiparallel couplings

between Mn layers and parallel coupling at the Mn/Fe interface. Similar local

magnetic couplings have been obtained in the ground state configuration found in

the noncollinear framework, although, in this case, the surface magnetic moment

is perpendicular to the bulk moment and no other metastable configurations are

obtained.

When the external field is applied, there is a competition between the tendencies

of the local moments to align themselves with the external field and to preserve

their antiparallel exchange coupling. In the collinear case with an external mag-

netic field only the value of the moments can vary continuously, whereas their

85



Conclusions 86

directions can only be changed via spin flip transitions. In the noncollinear ap-

proach the local moments can both rotate and change their value continuously.

The response in the collinear case shows both smooth and sharp changes of the

average magnetic moment of the Mn slab depending on the external field. The

smooth changes correspond to reversible variations of a magnetic configuration of

the system, while the sharp ones are the result of spin flip transitions between

the configurations with different local exchange couplings, and correspond to a

non reversible situation. In contrast, a reversible response is always obtained in

the noncollinear framework for the full range of applied fields. Therefore, the

response of the system is markedly different in both approaches. Due to the non-

reversibility obtained in the collinear framework, the external magnetic field can

be used to switch the system between different metastable configurations, some

of them having very different average magnetic moments. This situation can be

achieved in real systems with strong uniaxial anisotropy.

At the beginning of the study of the Cr/Fe system, we start from a comparison

of the 6Cr/Fe(001) system with the 6Mn/Fe(001) system. In the noncollinear

calculation, we obtain a collinear antiferromagnetic configuration in the Cr slab

and the Cr-Fe interface. The chemical unparity does not induce a frustration in

the smooth Cr-Fe interface. Then we introduce a geometric breaking, the step,

into the Cr/Fe system.

For the Cr/Fe step systems, we compared the noncollinear configurations for

the system of one Cr monolayer on the stepped Fe substrate and the systems with

several additional Cr rows, from one row to four rows. Local couplings are ap-

proximately preserved except for the atoms at the corners of the steps, although

magnetic frustrations appear due to the geometric symmetry breaking introduced

by the steps. When the number of additional Cr rows increases, the “inner” Cr

atoms lose some surface properties and approach the properties of Cr interface in

the 6Cr/Fe(001) system. When external magnetic field is applied, the evolution

of magnetic moments carries some common features with that observed in the

Mn/Fe(001) system. In many systems (except the system of one Cr monolayer on
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the stepped Fe substrate) the noncollinear evolution of the magnetic moments un-

der external magnetic fields experiences a collinear region, in which the energy of

the collinear configuration under that magnetic field is lower than noncollinear con-

figurations. This phenomenon is demonstrated by recent experimental measures

carried out in CdCr2O4 [135]. When the number of additional Cr rows increases,

the collinear region becomes larger and larger. However, the collinear region is not

necessary in the evolution of magnetic moments to align with external magnetic

fields, e.g., in the system of one Cr monolayer on stepped Fe substrate.

Our method has an advantage of saving computing time. We can simulate rel-

atively large systems with hundreds of inequivalent sites. Because we make many

simplifications, this method also has some flaws. The first one is the omission of

spin-orbit interaction and the contribution of s and p electrons. Thus, magnetic

anisotropy does not present in our results. In transition metals, despite that the

most relevant properties are determined mainly by d electrons, s and p electrons

also play a role which is not negligible if one wants to give a detailed description.

We also do not consider the geometric relaxation of the system. The geometric

structure of the system considered is unknown a priori and the structure and level

of relaxation have a large influence on the electronic properties, especially when

external agents (e.g. magnetic fields) are applied. It is therefore important to

conduct a structural optimization, which further complicates the calculation. The

influence of temperature may also be an important reason that makes our calcu-

lated saturation fields extremely high. The experimental result of the saturation

field under low temperature, below 26 K, in CdCr2O4 is 90 T [135]. The temper-

ature fluctuation may make the rotation of magnetic moments easier. Despite of

these flaws in our model, we still provide a possibility of studying complex systems

with a large number of inequivalent sites in the noncollinear framework, which is

almost impossible by using the first principle methods.

Our present study opens new prospects for investigating the response of other

complex nanostructures, not only to uniform external magnetic fields, but also

to non-uniform fields having different intensity and orientation in different local
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parts of the system (even at the atomic scale), a situation that could be managed

in experiment in the future.



Appendix A

Haydock’s recursion method

Traditional methods of calculating DOS for crystalline solids need calculating

Bloch band structure E(k), and then integrating in the reciprocal space up to

Fermi surface. These methods require a perfect solid system on an infinite and

periodic lattice. When we consider surfaces and interfaces (as in this thesis), or

clusters and impurities, a non-Bloch formulation of the electronic structure is re-

quired. In this appendix we introduce how to calculate (LDOS) by using Haydock’s

recursion method [45–47] in the real space. This method enable us to relate the

electronic structure to local environment, rather than the regularity and infinite

extent of a perfect crystal structure, and solve the Hamiltonian self-consistently

without a need for diagonalization.

A.1 Local density of states

Suppose the system we consider can be described by a Hamiltonian H, ψn(r) and

εn are its eigenstates and eigenvalues, respectively. The total density of states can

be written as:

ρ(ε) =
∑

n

δ(ε− εn). (A.1)
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We could formally define an operator of state density δ(ε − H), whose matrix

elements are

∫
drψ∗n′(r)δ(ε−H)ψn(r)

=

∫
drδ(ε− εn)ψ∗n′(r)ψn(r)

= δ(ε− εn)δ(n, n′), (A.2)

where we used the orthogonal property of eigenstates
∫

drψ∗n′(r)ψn(r) = δ(n,n′).

The total DOS, now, can be expressed as the trace of the operator of state density,

i.e.

Trδ(ε−H) =
∑

n

∫
drψ∗n(r)δ(ε−H)ψn(r)

=
∑

n

δ(ε− εn) = ρ(ε). (A.3)

The integrand is defined to be the local density of states in the volume dr centered

at r,

ρ(r, ε) =
∑

n

ψ∗n(r)ψn(r)δ(ε− εn). (A.4)

We will subsequently relate the local density of states ρ(ε, r) with the imaginary

part of the Green’s function. For simplicity, we consider a one-body system. The

Green’s function is defined by the equation

[ε−H(r)] G(r, r′; ε) = δ(r− r′). (A.5)

If we treat the Green’s function G(r, r′; ε) as an operator, the above equation has

a formal solution

G(ε) =
1

ε−H

=
1

ε−H

∑
n

|ψn〉〈ψn| =
∑

n

|ψn〉〈ψn|
ε− εn

. (A.6)
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Projecting the operator into the coordinate representation, we obtain

G(r, r′; ε) =
∑

n

ψ∗n(r)ψn(r′)
ε− εn

. (A.7)

In this definition we must be careful at the sigularities εn, where the definition

is not well-defined. In order to circumvent these singularities at the real axis, we

implement a frequently used trick to add a small imaginary part η in ε. And then

after some reorganization procedure, we let η converge to zero. We define two

limits of the complex Green’s function,

G+(r, r′; ε) = lim
η→0+

G+(r, r′; ε + iη) = lim
η→0+

∑
n

ψ∗n(r)ψn(r′)
ε + iη − εn

, (A.8a)

G−(r, r′; ε) = lim
η→0+

G+(r, r′; ε− iη) = lim
η→0+

∑
n

ψ∗n(r)ψn(r′)
ε− iη − εn

. (A.8b)

With the help of the identity

lim
y→0+

1

x± iy
= P

1

x
∓ iπδ(x), (A.9)

We explicitly separate the real and imaginary parts,

G±(r, r′; ε) = P
∑

n

ψ∗n(r)ψn(r′)
ε− εn

∓ iπ
∑

n

ψ∗n(r)ψn(r′)δ(ε− εn), (A.10)

where P stands for the Cauchy principal value. Comparing equation (A.4) and

(A.10), we conclude that the local density of states can be expressed by the imag-

inary part of Green’s function,

ρ(r, ε) = ∓ 1

π
ImG±(r, r; ε). (A.11)

In the following sections we only use the Green’s function defined by the right

limit, G+(r, r′; ε).

In the tight-binding (TB) model, we consider the eigenstates of the whole system

as linear combinations of a set of local atomic orbitals φασ(r−Ri) on site Ri with
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orbital quantum number α and spin σ. So it is more convenient to choose the

complete set of local orbitals as the basis of the Hilbert space, then our LDOS

comes from a projection of the eigenstates onto a particular orbital,

ρασ(ε,Ri) = 〈iασ|δ(ε−H)|iασ〉

= 〈iασ|δ(ε−H)

(∑
n

|ψn〉〈ψn|
)
|iασ〉

=
∑

n

|〈iασ|ψn〉|2 δ(ε− εn)

=
∑

n

∣∣∣∣
∫

φ∗ασ(r−Ri)ψn(r)dr

∣∣∣∣
2

δ(ε− εn). (A.12)

A.2 The recursion method

Now we have converted the problem of solving the LDOS to computing the di-

agonal elements of the Green’s operator G(ε) = 1
ε−H

. In this thesis we employ

the recursion method, which can be generally used in other models with Hamilto-

nian other than the TB Hamiltonian. In the TB model, the Hamiltonian is given

as a matrix (expressed on a basis of localized orbitals) whose elements are the

self-energies and near-neighbor hopping integrals. There may be several orbitals

per atom; the hopping integrals are not restricted to nearest-neighbor interac-

tions only. The recursion method sets up a new basis in which the Hamiltonian

has a tridiagonal representation, from which the matrix elements of the Green’s

function are very simply derived. A tridiagonal matrix is one whose non-zero el-

ements appear only on the main diagonal and the two sub-diagonals, upper right

and lower left. Mathematically, given the Hamiltonian matrix H, the recursion

method generates a unitary transformation U , such that

UHU † = HTD, (A.13)
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where the tridiagonal matrix elements of HTD are

[HTD]mn =





am, if n = m,

bm+1, if n = m + 1,

bm, if n = m− 1,

0, otherwise.

(A.14)

Although the tridiagonal Hamiltonian HTD is identical in form to the represen-

tation of the Hamiltonian of a semi-infinite, nearest-neighbor interacting, lin-

ear chain of atoms (the so-called chain model), we are not confined to nearest-

neighbor interactions in our starting Hamiltonian H. The mathematical idea of

the recursion method was developed many years ago, but known as the Lanc-

zos method[152, 153]. Piage[154] discussed the numerical stability of the Lanczos

method. In fact, the recursion method is one of the few techniques of stably

retaining information contained in the high moments of the DOS.

Next we describe how to formulate the tridiagonal Hamiltonian matrix and to

solve the LDOS from the Green’s function, which is actually an inverse operator.

Suppose we have a complete set of orthonormal states {|n〉, n = 0, 1, 2, · · · } in

the Hilbert space expanded by the Hamiltonian H and they satisfy the recursion

equation

H|n〉 = an|n〉+ bn+1|n + 1〉+ bn−1|n− 1〉, (A.15)

where an’s and bn’s are unknown coefficients.

The first step is to select an initial state |0〉. In the collinear framework, it is

simply to choose the local orbitals for each site Ri, orbital α and spin σ. Taking

account of the electrons in the 3rd shell, we have electrons in subshells s, p and d,

each orbital can hold two electrons, spin up and down. So we consider 18 initial

states per atom in total. From each initial state we carry out the recursion method

to obtain the LDOS, which is then integrated in the self-consistent procedure. In

the case of non-collinearity, the selection of an initial state must be made more

carefully, because the local moment could rotate. A local coordinate system solves

this problem. The local magnetic moment −→µ iα can be decomposed in the local
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spherical basis with unit vector (ûri
, ûθi

, ûϕi
):

−→µ iα = µriα
ûri

+ µθiα
ûθi

+ µϕiα
ûϕi

.

In this case we have 54 initial states per atom, three times more than the collinear

case. The local components (µriα
, µθiα

, µϕiα
) are generated from the same method

we introduced in deriving the non-collinear Hamiltonian, see equation (2.25). In a

global coordinate system, the spin components of local orbitals can be described

in the spinor SU(2) space,

|iα ↑〉 = |iα〉

 1

0


 ,

|iα ↓〉 = |iα〉

 0

1


 .

(A.16)

Once the initial state |0〉 is selected, we use the recursion equation (A.15) to

calculate the coefficients an and bn. Since |−1〉 vanishes, when n = 0, the recursion

equation reads

H|0〉 = a0|0〉+ b1|1〉. (A.17)

From the assumed orthonormality of |n〉’s, we obtain

a0 = 〈0|H|0〉, (A.18)

which is a real number because Hamiltonian operator H is hermitian. Reorganizing

equation (A.17), the state |1〉 can be expressed as

|1〉 =
1

b1

(H− a0)|0〉. (A.19)

The coefficient b1 is given by the normalization of state |1〉,

b2
1 = |(H− a0)|0〉|2 ≥ 0. (A.20)
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we choose b1 to be the positive value |(H − a0)|0〉|, so that the first recursion is

well defined.

To continue the recursive process, suppose we have performed the first n steps of

the recursion, i.e., the orthonormal states {|0〉, |1〉, · · · , |n〉, n ≥ 1} and coefficients

a0, a1, · · · , an−1 and b1, b2, · · · , bn, (bn 6= 0) are known, we next carry out the (n +

1)th recursive relation to obtain the state |n + 1〉. From equation (A.15), an =

〈n|H|n〉 and |n + 1〉 reads

|n + 1〉 =
1

bn+1

[(H− an)|n〉 − bn|n− 1〉] . (A.21)

The orthonormality of |n + 1〉 determines the value of bn+1,

b2
n+1 = |(H− an)|n〉 − bn|n− 1〉|2 . (A.22)

We choose again the positive value. The orthogonality between |n〉 and |n + 1〉
is used as assumption in the (n + 1)th recursion, the only thing remained to be

verified is the orthogonality of state |n + 1〉 to the states |0〉, |1〉, · · · , |n− 1〉. For

any m ≤ n− 2, we apply 〈m| to equation (A.15),

〈m|H|n〉 = bn+1〈m|n + 1〉. (A.23)

The operation of H on |m〉 results in a linear combination of states |m〉, |m− 1〉
and |m + 1〉, which are orthogonal to |n〉, so the left hand side of equation (A.23)

vanishes, then states |n+1〉 and |m〉 are orthogonal. If applying 〈n−1| to equation

(A.15),

〈n− 1|H|n〉 = bn + bn+1〈n− 1|n + 1〉. (A.24)

〈n− 1|H|n〉 = bn is calculated using the previous recursion

H|n− 1〉 = bn−1|n− 2〉+ an−1|n− 1〉+ bn|n〉.

So we verified the feasibility of the recursion method. The recursion procedure
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ends when, for some n, bn = 0. In the next section, we will solve the LDOS in the

context of Green’s function.

A.3 Calculating LDOS

The LDOS is calculated through its relation with Green’s function,

ρiασ = − 1

π
Im〈iασ|G+(ε)|iασ〉, (A.25)

where |iασ〉 is an initial state chosen in the recursion method. With the recursion

bases {|0〉, |1〉, · · · , |n〉}, the Hamiltonian matrix H is largely simplified to be a

tridiagonal matrix HHD in equation (A.14). The matrix form of Green operator

G(ε) = 1
ε−H

is the inverse matrix of tridiagonal matrix ε−H,

G(ε) =
1

ε−H
=




ε− a0 −b1

−b1 ε− a1 −b2

−b2 ε− a2 −b3

−b3 ε− a3
. . .

. . . . . .




−1

. (A.26)

The LDOS only relates to the first element of the Green matrix, G00(ε). Denote

a sequence of determinants {Dn} to be

Dn =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

an bn+1

bn+1 an+1 bn+2

bn+2 an+2 bn+3

bn+3 an+3
. . .

. . . . . .

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

, (A.27)
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the first element of Green matrix can be expressed as

G00(ε) =
D1

D0

. (A.28)

Performing the determinant calculation of matrix, D0 can be described by deter-

minants of matrices with lower order,

D0 = (ε− a0)D1 − b2
1D2. (A.29)

Substituting equation (A.29) into equation (A.28), we get

G00(ε) =
1

ε− a0 − b2
1

D2

D1

. (A.30)

Continue to calculate the ratio D2

D1
and thereafter the ratio of determinants of

matrices with lower order,

Dn+1

Dn

=
1

ε− an − b2
n+1

Dn+2

Dn+1

, (A.31)

G00(ε) becomes an infinite continued fraction,

G00(ε) =
1

ε− a0 − b21

ε−a1− b22

ε−a2−
b23

...

. (A.32)

This equation allows us to calculate the LDOS only in terms of the coefficients

obtained in the recursion method and without a need for diagonalizing the Hamil-

tonian matrix.

A.4 Terminating the continued fraction

The recursion relation gives a continued fraction expansion of the resolvent that

is exact to all orders. In practice, however, it is impossible to make the exact
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calculation to infinite order. One computes only the first N pairs of coefficients,

{ai, bi}, and approximates the remaining coefficients, that is, one must approxi-

mate the remainder of the continued fraction beyond the Nth level. One possible

way is to evaluate G00(ε + iη) for a small imaginary part. This means imposing

a Lorentzian broadening on delta functions which constitute the real LDOS. This

method is mostly used in the calculations of free clusters, in which the recursion

coefficients tend to zero after a certain level. The continued fraction ends in a nat-

ural way. But in the case of infinite systems or semi-infinite systems, in general

the recursion coefficients converge to zero indefinitely. In practice, fortunately,

the recursion coefficients (ai, bi) settle down quickly and tend towards asymptotic

values denoted by (a∞, b∞). By setting (an, bn) = (a∞, b∞) for n > N , we can eval-

uate the remainder of the continued fraction analytically. Thus the terminator is

calculated by

t(ε) =
b2
N+1

ε− aN+1 − b2N+2

ε−aN+2−
b2
N+3
ε−···

=
b2
∞

ε− a∞ − t(ε)
. (A.33)

For the second equality we have used the asymptotic property. Solving the quadratic

equation for t(ε), we obtain the terminator,

t(ε) =
(ε− a∞)−

√
(ε− a∞)2 − 4b2∞
2

. (A.34)

The second solution is rejected because t(ε) must vanish as ε → ∞ in order that

the resolvent preserves its analytic character (of the form ε−1) there. t(ε) is real for

real ε outside the interval (a∞−2b∞, a∞+2b∞), so that the continued fraction will

be real, except for isolated delta functions should the real part of G00(ε) change

sign. Inside the same interval, t(ε) has a cut and we obtain a band of allowed

energies. Note that if we set (ai, bi) = (a∞, b∞) for all i, the LDS, proportional to

G00(ε) =
2

ε− a∞ −
√

(ε− a∞)2 − 4b2∞
, (A.35)
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is a featureless semi-ellipse, corresponding to a uniform effective medium. The

deviations of the pairs of coefficients (ai, bi) for 0 ≤ i ≤ N add the structure to

LDOS based on the information about the local atomic environment of the starting

orbital.

As we have discussed, increasing the number of levels of continued fraction in

our calculation, we get more and more accurate estimation of the “true” LDOS.

However, the computing time increases considerably with this number. We must

make a compromise between the accuracy and computing power. In the work of

this thesis, we take 12 levels of the continued fraction, which provide sufficient

quantities and a reasonable structure in LDOS, and do not need too much com-

puting power.
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Theory, edited by F. Bassani, F. Fumi and M. P. Tossi, (North Halland,

Amsterdam, 1985), p. 59.

[54] J. B. Mann, Atomic Structure Calculations, Los Alamos Sci. Lab. Rept.,

(1967) IA-3690.

[55] G. M. Pastor, J. Dorantes-Dávila and K.H. Bennemann, Physica B 149

(1988) 22.

[56] G. M. Pastor, J. Dorantes-Dávila and K.H. Bennemann, Phys. Rev. B 40

(1989) 7642.

[57] A. Vega, C. Demangeat and H. Dreyseé, Phys. Rev. B 51 (1995) 11546.
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Stellen als solche kenntlich gemacht und keine vorherigen Promotionsversuche un-

ternommen habe.

Osnabrück, Sep.30.2009

Huahai Tan

113





Curriculum Vitae

Personal Data

Name : Huahai Tan

Birth Date : Oct. 19, 1980

Birthplace : Guangshui, Hubei Province, P.R. China

Education Background

1987-1993 The Children’s School of CN15MCC, Guixi, Jiangxi Province, P.R. China

Primary school

1993-1996 The Children’s School of CN15MCC, Guixi, Jiangxi Province, P.R. China

Junior middle school

1996-1999 The 1st Middle School, Guixi, Jiangxi Province, P.R. China

Senior middle school

1999-2003 Tsinghua University, Beijing, P.R. China

Bachelor of Science in Physics

2003-2006 Tsinghua University, Beijing, P.R. China

Master of Science

2006-2009 Universität Osnabrück, Osnabrück, Germany

Doctor of Science


