
GROWTH, ELECTRONIC STRUCTURE
AND SURFACE MAGNETISM OF LATE
TRANSITION METAL AND METAL

OXIDE ULTRA-THIN FILMS

By
SUKANTA BARMAN

PHYS05201204012

Saha Institute Of Nuclear Physics, Kolkata

A thesis submitted to the
Board of Studies in Physical Sciences
In partial fulfillment of requirements

for the Degree of
DOCTOR OF PHILOSOPHY

of

HOMI BHABHA NATIONAL INSTITUTE

JULY, 2018





ii 

Version approved during the meeting of Standing Committee of Deans held during 29-30 Nov 2013

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 

advanced degree at Homi Bhabha National Institute (HBNI) and is deposited in the 

Library to be made available to borrowers under rules of the HBNI. 

Brief quotations from this dissertation are allowable without special permission, 

provided that accurate acknowledgement of source is made. Requests for permission 

for extended quotation from or reproduction of this manuscript in whole or in part 

may be granted by the Competent Authority of HBNI when in his or her judgment the 

proposed use of the material is in the interests of scholarship. In all other instances, 

however, permission must be obtained from the author. 

 ___________________________ 
Sukanta Barman 



iii 

Version approved during the meeting of Standing Committee of Deans held during 29-30 Nov 2013

DECLARATION 

I, hereby declare that the investigation presented in the thesis has been carried out by 

me. The work is original and has not been submitted earlier as a whole or in part for a 

degree / diploma at this or any other Institution / University.  

 __________________________ 
Sukanta Barman 



iv 

Version approved during the meeting of Standing Committee of Deans held during 29-30 Nov 2013

List of Publications arising from the thesis 

          Journals 

1. “Growth optimization and electronic structure of ultrathin CoO

films on Ag(001): A LEED and photoemission study”, Sukanta

Barman, Krishnakumar S.R. Menon, Journal of Crystal Growth,

2018, 487, 28-33.

2. “Growth and coverage dependent electronic structure of MgO

on Ag(001)”, Sukanta Barman, Asish K. Kundu and

Krishnakumar S.R. Menon, Surface Science, 2018, 677, 60-67.

           Conferences 

1. “Incommensurate growth of Co thin film on close-packed

Ag(111) surface”, Sukanta Barman, Krishnakumar S.R. Menon,

AIP Conference Proceedings, 2016, 1728, 020178, 1-4.

__________________________ 
Sukanta Barman 



Dedicated to my beloved parents



vi

Acknowledgements

This thesis took more than five years to take shape and it would never have been

possible without the help, support and encouragement of many people. I would like

to take this opportunity to thank all of them.

I would like to express my heartfelt gratitude to Prof. Krishnakumar S.R. Menon,

my thesis supervisor, for introducing me to the Angle-resolved Photoemission Spec-

troscopy technique and the interesting field of surface magnetism of transition metal

oxides. I have been benefited from his valuable advice and scientific discussions. I

am grateful to Prof. Satyaranjan Bhattacharyya, Head of the Surface Physics and

Material Science division of SINP for his support.

I sincerely acknowledge the engineering and technical staffs at PREVAC sp. zoo.

(Ltd.), Poland and VG SCIENTA, Sweden and OCI vacuum Microengineering, Inc.

Canada for all technical helps in troubleshooting instrumental problems. A special

thanks to Asish da, my senior cum co-author for his fruitful suggestions, discussion

and he also helped me a lot to learn instruments handling and data analysis during

my initial days in the ARPES laboratory. I am also thankful to Jayanta da and

Suvankar da for their help and many scientific and technical discussion. I would

also like to thanks my all other labmates, Bibhuti, Smruti, Arunava for academic

discussion and creating a friendly and working atmosphere in our group. It’s my

pleasure to acknowledge all the teaching and non-teaching members in SPMS division,

SINP for their support.

Few words are not sufficient to express the unconditional and endless love, support,

encouragement of my family.

Kolkata

July, 2018 Sukanta Barman



Contents

Synopsis xi

List of Figures xx

List of Tables xxxi

1 Background and present study 1

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Correlated oxides: Electronic structure and magnetism . . . . . . . . 3

1.3 Oxide-metal interface: Image charge screening . . . . . . . . . . . . . 5

1.4 Magnetism in low dimension . . . . . . . . . . . . . . . . . . . . . . . 7

1.4.1 Surface antiferromagnetism: CoO/Ag(001) . . . . . . . . . . . 10

1.4.2 Antiferromagnetism and Image charge screening: CoO/MgO(001) 11

1.5 Overview of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2 Experimental techniques and methods 16

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2 Growth and epitaxy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.1 Pseudomorphic and non-pseudomorphic growth . . . . . . . . 18

2.2.2 Different parameters of Molecular Beam Epitaxy (MBE) . . . 20

vii



viii

2.3 Deposition of epitaxial films . . . . . . . . . . . . . . . . . . . . . . . 21

2.4 Surface reciprocal lattices . . . . . . . . . . . . . . . . . . . . . . . . 22

2.5 Low Energy Electron Diffraction (LEED) . . . . . . . . . . . . . . . . 23

2.5.1 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.5.1.1 Kinematic theory: Single scattering . . . . . . . . . . 25

2.5.1.2 Dynamical theory: Multiple scattering . . . . . . . . 26

2.5.2 LEED: Instrumental configurations . . . . . . . . . . . . . . . 27

2.5.3 Ewald’s construction . . . . . . . . . . . . . . . . . . . . . . . 29

2.5.4 Overlayer notation . . . . . . . . . . . . . . . . . . . . . . . . 30

2.6 Photoemission spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 33

2.6.1 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.6.2 Angle Resolved Photoemission Spectroscopy (ARPES) . . . . 39

2.6.3 X-ray Photoemission Spectroscopy (XPS) . . . . . . . . . . . 40

2.7 ARPES facility at SINP . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.7.1 Load lock . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.7.2 Preparation chamber . . . . . . . . . . . . . . . . . . . . . . . 41

2.7.3 Analysis chamber . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.7.4 Electron Energy Analyzer . . . . . . . . . . . . . . . . . . . . 47

2.8 Modes of photoemission data collection . . . . . . . . . . . . . . . . . 49

2.9 Instrument development in the laboratory . . . . . . . . . . . . . . . 51

2.9.1 Evaporators . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.9.2 Getter pumps . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

2.10 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3 Growth and characterization of CoO thin film on Ag(001) and

Ag(111) 58

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . . 60



ix

3.3 Experimental results on CoO/Ag(001) and discussion . . . . . . . . . 61

3.3.1 LEED study at different growth conditions and film coverages 61

3.3.2 Core level electronic structure . . . . . . . . . . . . . . . . . . 64

3.3.3 Evolution of valence electronic structure with growth conditions

and film coverages . . . . . . . . . . . . . . . . . . . . . . . . 66

3.4 Introduction to polar cobalt oxide: CoO(111) . . . . . . . . . . . . . 71

3.4.1 Surface structure of CoO/Ag(111): LEED study . . . . . . . . 72

3.4.2 Core-level and valence band electronic structure of polar CoO(111) 73

3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4 Growth and coverage dependent electronic structure of MgO on

Ag(001) 77

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.3 Experimental results and discussion . . . . . . . . . . . . . . . . . . . 80

4.3.1 Low energy electron diffraction study . . . . . . . . . . . . . . 80

4.3.2 Core level electronic structure . . . . . . . . . . . . . . . . . . 83

4.3.3 Valence band electronic structure . . . . . . . . . . . . . . . . 85

4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5 Electronic structure and surface antiferromagnetism of CoO/Ag(001) 93

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.2 Coverage dependence of core level electronic structure . . . . . . . . . 96

5.3 Valence band structure of CoO/Ag(001) . . . . . . . . . . . . . . . . 98

5.3.1 Earlier works . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.3.2 ARPES studies: 20 ML CoO/Ag(001) . . . . . . . . . . . . . 101

5.3.3 ARPES: Coverage dependence . . . . . . . . . . . . . . . . . . 105

5.4 Surface antiferromagnetism of CoO/Ag(001) . . . . . . . . . . . . . . 107



x

5.4.1 Antiferromagnetism vs. Paramagnetism: Band structure per-

spective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

6 Surface antiferromagnetism of CoO/MgO(001) 119

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6.2 Evolution of half-order spots: Film and substrate coverage dependence 121

6.2.1 Nèel temperature variations with CoO and MgO coverage . . . 123

6.2.2 Half-order spot profile analysis: domain size . . . . . . . . . . 126

6.3 Critical exponent with Debye-Waller correction . . . . . . . . . . . . 128

6.4 ARPES of CoO/MgO(001): Effect of AF order in valence electronic

structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

7 Growth and Characterization of FexO on Ag(001) andMgO/Ag(001)136

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

7.2 Growth of FexO film on Ag(001) . . . . . . . . . . . . . . . . . . . . . 138

7.2.1 Growth at different conditions: LEED and XPS study . . . . 138

7.2.2 Coverage dependent evolution of surface geometric and elec-

tronic structure . . . . . . . . . . . . . . . . . . . . . . . . . . 142

7.2.3 Stoichiometry of FexO film: XPS analysis . . . . . . . . . . . 144

7.3 Growth of FexO film on 5 ML MgO/Ag(001) . . . . . . . . . . . . . . 146

7.3.1 Coverage dependence: LEED and XPS study . . . . . . . . . 147

7.3.2 ARPES of FexO/5 ML MgO/Ag(001): Temperature dependence150

7.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

8 Incommensurate growth of Co on Ag(111) 154

8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

8.1.1 Coverage dependent LEED study . . . . . . . . . . . . . . . . 155



xi

8.1.2 Coverage dependent XPS study . . . . . . . . . . . . . . . . . 157

8.1.3 Valence band electronic structure: ARPES study . . . . . . . 158

8.2 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162



xii

SYNOPSIS

Electronic structure and magnetism of correlated transition metal oxides have been

a topic of immense interest in surface science research in recent years. Fascinating

properties of these two dimensional magnetic systems and their various use in device

applications and different fields of material research have made the topic even more

interesting. The properties of transition metal and metal oxides in reduced dimensions

are quite different from the bulk due to the finite size, interfacial strain, film-substrate

chemistry and breaking symmetry in the out-of-plane direction. However, to study

the structural and magnetic properties in a reduced dimension, one has to prepare

well-ordered stoichiometric surfaces. The most convenient way to prepare a well-

ordered insulating oxides surface is to grow a few layers of film on a metallic single

crystal substrate which will automatically rule out the possibility of charging effects

due to the proximity to the metallic substrate in several surface sensitive techniques

such as Low Energy Electron Diffraction (LEED), X-ray Photoelectron Spectroscopy

(XPS), Angle-Resolved Photoemission Spectroscopy (ARPES) etc.

To study the electronic structure and surface magnetism of strongly correlated

late transition metal oxides in the reduced dimension, we have taken rocksalt CoO as

a model system. The small lattice mismatch of CoO (∼4%) with Ag(001) enable us

to grow epitaxial films by the reactive evaporation technique. However, to grow the

epitaxial stoichiometric films, one requires a detailed understanding of the optimum

growth conditions and the dependence of structural and electronic properties on

growth parameters because non-equilibrium growth conditions can lead to different

growth modes and film structures. Though there are studies available on the electronic

structure of CoO thin films [1–3], however, detailed growth optimization and the effect

of growth parameters on the surface electronic structures have not been addressed

so far in the literature. We have grown CoO films on Ag(001) at different growth

conditions by varying the external growth parameter such as substrate temperature,
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oxygen partial pressure, post-growth treatments and the optimum growth condition

was established by investigating the surface geometric and electronic structures

of the films using LEED and photoemission spectroscopic techniques, respectively.

Coverage-dependent core level and valence electronic structures of the optimized film

has been investigated by XPS and ARPES, respectively, are in good agreement with

the single crystal results. Moreover, a closer inspection near the Fermi edge reveals

the appearance of interfacial states for lower CoO film coverages has been ascribed

as a general feature of transition metal oxides as it is also observed for the similar

systems such as NiO/Ag(001) [3–5] and MnO/Ag(001) [6].

Nowadays, polar surfaces of metal oxides also grab attention in fundamental

research due to their complex stabilization mechanisms [7] which are far from being

well understood. The polar surface of CoO(111) consists of alternate stacking of cation

(Co2+) and anion (O2−) layers bring a net dipole moment normal to the surface [8]

leading to a surface instability. Understanding the stabilization mechanism of polar

surfaces even for the structurally simplest (111) surfaces of rock-salt metal oxides

remains a challenge. It is almost impossible to cleave the bulk oxide single crystals

in the (111) direction and it is often problematic to prepare a stoichiometric and

structurally smooth, well-ordered polar oxide surfaces with low defect densities.

From a theoretical perspective, it has been shown that to obtain surface stability,

the polar surfaces go through different possible processes [9] such as adsorption of

contaminations, hydroxylation, reconstructions, faceting, modification of surface

electronic structure and charged surface nano-defects. Hassel et al. [10] have grown

epitaxial CoO(111) film on Co(0001) which is terminated by hydroxyl groups. A

grazing incident X-ray diffraction study [11] describes the stabilization of CoO(111)

surface by a 50 Å thick spinel Co3O4 overlayer on top of the polar surface. We have

grown polar CoO(111) surface of various thickness on Ag(111) substrate and study

the surface structural properties by LEED and characterize the core and valence

band electronic structures using XPS and ARPES techniques, respectively. For the



xiv

growth of polar CoO(111) on Ag(111), similar growth procedure has been followed

as CoO(001) on Ag(001).

Electronic structure of transition metal monoxides like NiO, CoO grabs more

attention after the discovery of the cuprate superconductor where the electronic

correlations were also found to be very important [12]. There are several exciting

aspects of the electronic structure of NiO, CoO such as electron correlation effects,

antiferromagnetic (AF) order and translational invariance boosted researchers to

look into the matter. The electron correlation causes the breakdown of the one-

electron picture of these materials which led the famous Mott-Hubbard picture

of insulators [13]. The AF order in these oxides also an important correlation

need to be included in the band structure calculation [14]. In the Mott-Hubbard

picture, due to the strong Coulomb interaction between the 3d electrons leads to

an energy gap of several eV between the filled and empty states in the 3d band. A

combination of Becke’s three-parameter exchange functional and the Lee-Yang-Parr

correlation functional (B3LYP) calculations [15] predicts the insulating character

of CoO correctly in the antiferromagnetically ordered phase with a gap of 3.5 eV.

Although this gap is larger than the gap of 2.5 eV as estimated by the combined

study of XPS, bremsstrahlung isochromat spectroscopy (BIS), and X-ray-absorption

spectroscopy (XAS) [16]. On the other hand, the bulk magnetism of binary (NiO,

CoO, MnO) or complex oxides (Cr2O3, Mn3O4, BaTiO3, etc.) are well understood,

however, their surface magnetic properties even for the simple binary oxides in the

reduced dimension are poorly explored. The possible reason could be the lack of

availability of high-quality oxide surfaces to obtain reproducible results and difficulties

in the electron spectroscopic measurements due to the insulating nature of most of

the bulk oxides. Another issue is that the cleaved surface of oxides single crystals

are often with poor crystalline quality consists of terraces. Generally, by the growth

of ultrathin film, we can overcome these issues as well as we can expect the new

electronic and magnetic properties of the film due to confinement in a thin layer.
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The bulk antiferromagnetic properties of MnO, FeO, CoO, NiO were studied using

magnetic neutron diffraction, X-ray absorption spectroscopy(XAS), magnetic X-ray

dichroism (MXD) etc. techniques [17–19]. However, there are very few techniques

(SP-STM, XMLD-PEEM, etc.) [20–22] available to probe the antiferromagnetism of

these oxides in the ultrathin film regime. Long time back, Palmberg et al. [23] had

first used LEED as a technique to detect surface antiferromagnetism of NiO(100).

They have observed half-order spot with a (2×1) translation symmetry produced

by exchange scattered low energy electrons below the Néel temperature ensures the

presence of antiferromagnetic ordering in the crystal. They have also mentioned,

as exchange interaction is very weak relative to Coulomb interactions, the intensity

of these spots will be very small (2-6% of integer spot). In recent times, our

group is using this technique extensively for different antiferromagnetic systems like

NiO [22, 24], MnO [6] thin films, flat monolayer Cr film [25, 26], etc., as a probe

of surface antiferromagnetism. It is not only the additional technique for probing

antiferromagnetic ordering but also the most direct means for studying the role of

exchange in electron scattering. The half-order magnetic spots are detectable even

in the ultra-thin submonolayer regime as LEED is a surface sensitive technique.

The intensities of the half-order magnetic spots produced by the interaction with

incident beam to the spin system are dependent on the spin ordering of the film.

The measurement of the temperature dependence of the magnetic half-order spot

intensities will give rise to the various information about the surface spin ordering,

in-plane and out-of-plane exchange parameters [27] as well as the Néel temperature

of the surface/ultrathin films [26, 27]. By fitting the experimental temperature

dependence of the square root of half-order intensity variation data with the universal

power law of the sublattice magnetization MS(T) ∼ (1-T/TN )β near TN , we can get

the information about the critical exponent of the magnetization (β) [28]. We probe

the surface antiferromagnetic ordering of the ultrathin CoO(001) film using LEED

where we observed the evidence of the antiferromagnetism even in the ultrathin film
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(0.2 ML) region. Evolution of the surface antiferromagnetic Néel temperature is

studied with film coverage as well as on different substrates. In our experiment, the

observation of higher Néel temperature relative to its bulk value even in the case of

2 ML CoO on Ag(001) cannot be explained only by considering the superexchange

interactions, even though the bulk antiferromagnetism is well understood in terms

of the superexchange interactions. We have introduced image charge screening

effect [29] along with the superexchange interaction and finite size effects to explain

the observed Nèel temperature variation. Moreover, the evidence of short-range

magnetic correlations above the Néel temperature has also been observed in our

valence band photoemission study.

The physical properties of the correlated oxide systems are determined by a few

fundamental quantities. The on-site Coulomb interaction (U) is one of the most

important quantities, related to the correlated motion of the electrons between the

open transition metal (TM) 3d shell and the corresponding multiplet structure. The

charge transfer energy (∆) is another important quantity defined as the energy

required to transfer an electron from the O 2p to the TM 3d orbitals [30]. The values

of U and ∆ relative to the bandwidth defines the nature, and magnitude of the

conductivity gap. Modification of these values can give rise to remarkable changes in

the properties of these materials, like changes in the magnitude of the conductivity gap

and strength of the various exchange and superexchange interactions [31]. In general,

the variation in the strength of these exchange interactions leads to changes in the

transition temperatures of various phase transition phenomena. The most convenient

way to change these basic electronic structure parameters U and ∆ is by growing a

few layers of oxide on a metallic substrate or as an oxide/metal multilayers [32–34].

MgO/Ag(001) is an important model system to study the metal-oxides interfaces as

they have a small lattice mismatch and grows in a layer-by-layer fashion up to several

monolayers (MLs) [35]. Despite their extensive use, understanding of the electronic

structure and properties of MgO is still far from satisfactory as the use of electron
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spectroscopic techniques are hindered due to the charging effects for its insulating

nature. Though there are several structural studies performed on this system in the

literature, a detailed investigation of the interface and coverage-dependent electronic

structure are still limited [36–38]. Altieri et al. [33] have demonstrated that the

Coulomb (U) and charge transfer (∆) energies in MgO layers deposited on highly

polarizable Ag(001) substrate are reduced significantly from their bulk values. This

efficient image potential screening provides a new way to alter different properties

and transition temperatures of correlated oxide thin films [29].

The effects of an underlying substrate on the magnetic ordering have been

investigated by introducing a spacer MgO layer between CoO and Ag(001). The

growth of CoO on MgO(001) results in the changes in lattice strain and more

importantly the effects of image charge screening in the presence of less polarizable

MgO substrate. Apart from the finite size, strength of superexchange interaction also

depends on the interfacial lattice strain and on-site Coulomb (U) and charge transfer

(∆) energies. The strength of the magnetic exchange interaction is strongly related to

the magnetic transition temperature. So the antiferromagnetic transition temperature

(TN ) of CoO film can be modified by introducing a new substrate. We have observed

that Nèel temperature of 2 ML CoO deposited on 10 ML MgO/Ag(001) is found

to be ∼25 K lower than that of on the Ag(001) substrate. Though at the higher

CoO coverage the Nèel temperature saturates at the same value in the near absence

of finite size and image charge screening effects. A rough estimation of average

antiferromagnetic domain size can be carried out from the FWHM of the half-order

LEED spot intensity profiles. The observed domain size of CoO for different films and

MgO substrate thickness are in the order of 4-7 nm. The sublattice magnetization

curve near surface Nèel temperature shows 3D Ising/Heisenberg behavior (β = 0.33)

at lower film coverage whereas a typical mean field behavior was observed at higher

coverage with a critical exponent β = 0.49.
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The exchange scattered half-order magnetic LEED spot describes the surface

magnetism of NiO, MnO, CoO, flat monolayer Cr film quite well. After successful

investigation of CoO surface magnetism, we have undertaken FeO as another antifer-

romagnetic model system. Wustite is a stoichiometric iron oxide, and it is unstable

under ambient conditions. Therefore, having a stoichiometric FeO is very difficult

even in ultrahigh vacuum and often indicated by the notation Fe1−δO with 0.04 < δ <

0.12 [39]. It has rocksalt structure consists of only Fe2+ ions with a lattice parameter

4.33 Å. Bulk FeO exhibits antiferromagnetism below the Nèel temperature of 198 K,

with the Fe2+ spin arrangement parallel to the (111) planes and antiparallel to the

adjacent planes similar to CoO. However, the magnetic axis of FeO is perpendicular

to (111) plane unlike the other transition metal oxides [17]. The surface magnetism

of FeO is poorly explored due to the lack of a well-ordered stoichiometric surface.

We have grown Fe1−δO on Ag(001) and MgO/Ag(001) by reactive evaporation and

characterized its surface geometric and electronic structure using LEED and photoe-

mission techniques. It is quite challenging to prepare (p×1) FeO(001) surface due to

the presence of Fe3+ cation defects. Even after preparing (p×1) Fe1−δO surface on

MgO/Ag(001) the exchange scattered half-order LEED spots have not been observed

well below the Nèel temperature. The possible reasons could be the different spin

orientation or the presence of Fe3+ cation defects in the film which prevents the

formation of magnetic half-order spots. This is consistent with the absence of {111}

magnetic superstructure peak in neutron diffraction experiment [17].

The thin layer of ferromagnetic Co is a promising candidate for its potential uses

such as magnetic sensor in the magnetic storage technology [40], magneto-optical

applications [41, 42], etc. due to its enhanced magnetic moments at the surface

relative to the bulk moments. However, to utilize these properties, one has to better

understanding of the crystalline structure of the film and the interfaces. Growths of

ultrathin Co film on several closed pack polar substrates are controversially described

in the literature [43–45]. The pulsed laser deposition study [46] of Co/Cu(111)
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system describes the layer-by-layer face-centered cubic (fcc) growth of Co up to 6 ML

thickness, above this critical thickness, growth exhibits a structural phase transition

from fcc to more energetically favorable hexagonal close-packed (hcp) structure. We

have shown the incommensurate 3D island growth of Co thin film on Ag(111) and

the coverage-dependent evolution of surface geometric and electronic structure using

LEED and XPS studies, respectively. Coverage-dependent valence band electronic

structure was probed using ARPES about the Γ point of the surface Brillouin zone

(SBZ) of Co(0001) film.
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1
Background and present study

1.1 Introduction

The diverse properties of nanostructured magnetic materials have grabbed the

attention of the scientific community for both basic sciences as well as for technological

applications since many decades [47–49]. Development of smaller and portable devices

with a higher speed of the integrated circuits, catalytic materials, sensor elements,

data storage devices, energy storage materials, etc. requires advanced materials and

processing techniques [50]. Surfaces, interfaces, thin films, and nanostructures often

show fundamentally different structural, electronic, magnetic, and other properties

compared to their bulk counterparts. Hence, the preparation and characterization of

materials in reduced dimensions are crucial to use them for technological applications.

Furthermore, to obtain detailed information about the intrinsic properties of solid

surfaces, all the investigation has to be performed in clean surface conditions, i.e.,

under ultrahigh vacuum (UHV) conditions on a freshly prepared clean surface. In

general, thin films are preferred in technological applications over bulk materials due

to their reliability, performance, compactness and moreover, due to their exciting

properties/characteristics associated with reduced dimensionality which are absent

in bulk. The electronic and magnetic properties of thin films not only depends on

the geometric structures but also on the growth processes, substrates on which the
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film is deposited and also on the thickness of the films [47, 51]. Thin films can be

defined as solid material extended up to infinity in two directions (x-y) while limited

in other direction (z) to a finite thickness. The thickness of the thin films can be

from a few Angstroms to more than 10,000 Å, depending on the nature of studies. In

general, films having a thickness of few Angstroms to 100 Å are known as ultrathin

films, though a precise definition of ultrathin film is difficult. Generally, the film

thickness is below some characteristics length scale of the material such as the mean

free path of electrons, spin diffusion length, magnetic domain wall width etc., so that

new phenomena starts to occur. In this thesis, different thicknesses of late transition

metal and metal oxides are grown on metallic as well as on metal supported oxide

surfaces to study their surface electronic and magnetic properties. Transition metal

oxides manifestly the main areas of interest because of the presence of strong electron-

electron correlations, and the effects of it on the electronic structure and magnetism

of ultrathin oxide films in close proximity to metallic/oxide substrates. Moreover, it is

well-known that the electronic and magnetic properties of low dimensional systems are

inseparably connected to the surface structure and are significantly influenced by the

different surface induced effects such as change in electronic state occupancy, reduced

coordination number of surface atoms, change in magnetic exchange interactions,

translational symmetry breaking along out-of-plane directions, etc. Any change

in electronic states occupation at the surface leads to the change in the surface

magnetic moment as well as changes in the surface electronic structure. Reduced

surface atomic coordination results in band narrowing, leading to further changes

in magnetic moments of the surface atoms. From the microscopic point of view,

one can expect these moments to increase at the surface which has dimensionality

somewhere between bulk, monolayer, and isolated atoms as the surface atoms have an

uncompensated spin. From the statistical mechanics perspective, the average moment

of a magnetic surface at nonzero temperature is expected to decrease relative to that

of the bulk. The loss of nearest neighbor in a magnetic surface implies a weakening of
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the exchange interaction, i.e., the stronger decrease of magnetic order parameter with

temperature, moreover, a changed critical behavior if compared to that of the bulk.

The translational symmetry breaking along the out-of-plane direction of the surface

causes a less quenching of the orbital moment at the surface than in the bulk sample

volume. As a consequence, the spin-orbit coupling becomes significant, leading to a

large surface magnetic anisotropy that can control the magnetocrystalline anisotropy

by orienting the easy magnetization axis along the surface normal of the ultrathin

ferromagnetic films.

The intrinsic spin of electron governs the magnetic and other electron correlation

phenomena in condensed matter physics. There are several experimental techniques

to probe the collective behavior of spins in solids and interaction of spin with other

degrees of freedom. Different experimental techniques such as X-ray magnetic scatter-

ing and neutron scattering are highly sensitive to the magnetic ordering phenomena

and spin structure of the solids in real space. The presence of magnetic order is

also expected to affect the electronic structure of the strongly correlated system.

Angle-resolved photoemission spectroscopy (ARPES) offers unique information about

different magnetic systems through their electronic band dispersions. It measures

the energy and momentum of different electronic states and is also sensitive to the

magnetic order of the system. In this thesis, ARPES has been extensively used to

probe the valence band dispersion at the surfaces as well as the effects of magnetic

ordering on the valence band structure of different antiferromagnetic correlated oxide

surfaces.

1.2 Correlated oxides: Electronic structure and magnetism

The high degree of correlation between the electronic, magnetic, chemical, structural

and morphologic properties makes the preparation and characterization of high-

quality well-standardized samples crucial for any study involving low-dimensional
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systems. In this regards, antiferromagnetic (AFM) transition-metal (TM) monoxides

are often preferred for several reasons. First, the high-quality films of these oxides can

be grown easily on different substrates, and they have high chemical and mechanical

stability. Second, their AFM ordering temperatures (Nèel temperature TN) are

relatively high; for example, bulk NiO and CoO have TN = 523 K and 291 K,

respectively. Another important aspect of TM oxides is their insulating nature

resulting from strong inter and intra-atomic electronic correlations. The electron

correlation causes the breakdown of the one-electron picture of these oxides which

led the famous Mott-Hubbard picture of insulators [13]. Although it has been

generally thought that electron-electron correlation effects are of central importance

in explaining the electronic structure of these materials, there has been controversy

concerning not only the magnitude of the Coulomb interaction but also the nature

of insulating gap. Later on, it was recognized that the gap could also be the charge-

transfer type. The charge transfer energy (∆) is defined as the energy required

to transfer an electron from ligand ion to the TM ion. According to the relative

amplitude of the four parameters, namely, the d-d Mott-Hubbard repulsion (U),

the ligand-metal charge transfer energy (∆), the TM 3d bandwidth (w), and the

ligand 2p bandwidth (W), the 3d TM oxides can be classified within a phase diagram

is called the Zaanen-Sawatzky-Allen diagram [52]. In ZSA diagram, the charge-

transfer (CT) insulators, Mott-Hubbard insulators are properly classified. Roughly,

the early TM monoxides, TiO and VO, fall into the Mott-Hubbard regime while

MnO, FeO, CoO, and NiO are antiferromagnetic insulators in the intermediate

regime and CuO is an antiferromagnetic charge transfer semiconductor. Electronic

band structure of TM oxides is controversially described in several theoretical and

experimental studies in the literature [14, 53, 54]. The strong electron correlations

and the inclusion of AF order in the theoretical calculations make the investigation

even more challenging [55]. The persistence of short-range AF order above the

Nèel temperature provides identical ARPES spectra for both antiferromagnetic and
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paramagnetic phases as observed in general [56, 57]. The magnetic properties of TM

oxides are generally governed by the short-range superexchange interaction mediated

via the oxygen bonds. Due to their insulating nature, itinerant magnetism associated

with conduction electrons and dipole-dipole long-range magnetic interaction can

be neglected in many cases. Therefore, from the magnetic perspective, TM oxides

can be described as the Heisenberg or Ising system as ensembles of well-localized

magnetic moments with near-neighbor interactions. Furthermore, TM oxides serve

as a model system for the AFM parent compounds after the discovery of high Tc

cuprates. Here, the interplay between charge and magnetic ordering is described by

Anderson’s superexchange theory, which is also described the magnetic properties of

TM oxides such as NiO and CoO.

1.3 Oxide-metal interface: Image charge screening

The physical properties of TM oxides are dominated by the strong electron correlations

where the single particle picture breaks down as the electron-electron interactions are

larger than the one-electron bandwidth [13, 58, 59]. The on-site Coulomb interaction

U, related to the correlated motion of the electrons between the open transition

metal (TM) 3d shell and the corresponding multiplet structures. The charge transfer

energy ∆, defined as the energy required to transfer an electron from ligand O 2p to

TM 3d, is the most fundamental quantities need to be addressed to understand the

electronic structure of TM oxides properly. The value of these parameters relative

to the bandwidth defines the physical properties of these oxides such as magnetism,

nature, and magnitude of the conductivity gap, etc. A possible way to modify the

electronic and structural properties of TM oxides is to change the values of these

parameters by any means. The most convenient way to change U and ∆ is to grow a

few layers of oxide thin films on a metallic substrate or as an oxide/metal multilayer.

The reduction of U and ∆ values at the insulating oxides/metal interface can be
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explained by the classical image charge concept [33]. Fig. 1.1 shows the combined

electron removal and addition process for a thin film on a metal substrate, showing

an open shell (Mott-Hubbard) system for which U = EI - EA, where EI and EA are

ionization potential and electron affinity, respectively. During this process, opposite

image charges seem to appear in the metal, so that EI is reduced and EA is increased

each by the image charge energy Eimage. This results in the reduction of U by 2Eimage.

We expect that ∆ will also be similarly reduced depending on the change in the

Madelung potential. In order to avoid the complexity of correlation effects in 3d

+ _

+_

U=EI-EA-2Eimage

Metal

Vacuum

Figure 1.1: Schematic representation of image charge effect for a thin film close to a
metal surface, defining on-site Coulomb potential U for an open-shell system. The figure
has been adopted from the Ref. [33] and redrawn.

TM oxides, MgO was chosen due to its closed-shell electronic structure over TM

oxides. Moreover, MgO has a similar crystal structure, and lattice parameter to

some TM oxides may serve as a model system to investigate the change in basic

electronic structure parameters. Further, MgO is used as a substrate for the growth

of many TM oxide films and will be important to understand the substrate electronic

structure. Most importantly, the reduction of the underlying virtual charge excitation

energies of insulating oxides on proximity to the metal substrates can be amplified

strength of different exchange and superexchange interactions and thereby the related

magnetic transition temperature can be substantially amplified. Extended Anderson

expression [52,60] of superexchange coupling constant J = −2t4
∆2 ( 1

∆ + 1
U

), described

the dependence of charge excitation energies to the superexchange interaction, where

Chapter 1. Introduction



1.4. Magnetism in low dimension 7

t is the anion 2p-cation 3d transfer integral, ∆ is the 2p-3d charge transfer energy,

and U is the on-site 3d Coulomb potential. The efficient image charge screening is

not only limited to the change in magnetic transition temperature but also exhibit

exciting changes in structural and electronic properties, which will be discussed in

the relevant chapters of this thesis.

1.4 Magnetism in low dimension

Reduced dimensionality affects the ground state magnetism, resulting in an enhanced

magnetic moment and density of states (DOS) near the Fermi level, D(EF ). The

ground state magnetic properties of a nanostructured low dimensional system can

be modified by varying the DOS at the Fermi level. The lower atomic coordination

at the surface or in the monolayer films can lead to a reduced overlap of the d

electron wave functions and hence a reduction in bandwidth. At the surface of

3d metals, the 3d bands are narrower, and the states are more localized than the

bulk ones. The enhanced D(EF ) with the reduced overlap and relatively narrow

bands can lead to an enhanced magnetic moment at the surface [see Fig. 1.2].

The enhancement of the magnetic moment is related to the increase in the average

exchange splitting ∆Eex. Afterward, it was realized that not only the spin moment

but also the orbital magnetic moment could be strongly enhanced with reduced

dimensions such as in the case of thin films and surfaces. Since the local moments may

be enhanced substantially at the surface/interface, materials with unknown phases,

crystal structure, and magnetic anisotropy are to be expected. Finite size effects in

low dimensions for both ferromagnetic (FM) and antiferromagnetic (AFM) systems

reflect a deviation from bulk properties due to the reduced sample dimensions. Then,

the ’so-called’ intrinsic effects occur in material systems for which at least one sample

dimension is comparable with the intrinsic correlation length scale of the property

being considered. Strongly correlated systems like AFM oxides are characterized
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∆𝐸𝑒𝑥
∆𝐸𝑒𝑥

Bulk Surface

Figure 1.2: Schematic representation of band narrowing and resulting enhanced magnetic
moment at the reduced dimension. The figure is adopted from Ref. [61].

by very short correlation lengths, so, intrinsic finite size effects can be observed

only in ultrathin films. Further, surface related finite size effects might be caused

by the competition between the properties of atoms in the bulk of a sample and

those at the surface, possibly originating from the reduced coordination number. For

example, surface spins often possess higher magnetocrystalline anisotropy than the

ones at the core of the bulk sample due to the reduced symmetry. The environment

of a film-substrate interface can also dramatically alter the properties of interface

atoms through hybridization, strain, chemical inter-diffusion, etc., which may have

significant effects on surface magnetism. The magnetic properties of AFM oxides

arise as a consequence of the short-range superexchange interactions mediated via the

oxygen bonds. So, by changing the in-plane surface lattice strain by means of varying

film thickness or by choosing the substrate material with different lattice parameters,

AFM superexchange strength and consequently the transition temperature (TN ) can

be modified.

Antiferromagnets, unlike ferromagnets, do not exhibit a net magnetization and

cannot be readily controlled by, or coupled to an external magnetic field. Thus,

antiferromagnetic materials were not well respected from the practical point of view

despite many scientific and technological interests. The field of antiferromagnetism
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become more attractive after the discovery of interlayer exchange coupling in 1986 and

giant magnetoresistance (GMR) in 1988-1989 as it has been widely used in magnetic

recording, storage, and sensor devices. There are several techniques available for

investigating the surface magnetism of ferromagnetic materials such as magneto-

optical Kerr effect (MOKE), magnetic force microscopy (MFM), X-ray magnetic

circular dichroism (XMCD), spin-polarized scanning tunneling microscopy (SP-STM),

spin-polarized photoelectron spectroscopy (SP-PES), etc. However, progress to the

field of AFM thin films was partly hindered as limited experimental techniques

were available to study surface AFM properties. Though there are a few techniques

available for studying antiferromagnetism such as superconducting quantum interface

device (SQUID), vibrating sample magnetometer (VSM), etc., they could not be

used effectively to study surface/thin film AFM as these techniques are usually bulk

sensitive. Neutron diffraction is the most powerful technique to obtain valuable

information about the AFM order, but again, they are bulk sensitive. There are

a few techniques available for probing surface AFM in the last few decades such

as spin-polarized scanning tunneling microscopy (SP-STM) and magnetic exchange

microscopy (MExM) which are primarily used for imaging magnetic domains. But

these are very specialized techniques and have not been widely used, especially

for the study of AFM materials. Nowadays, with the development of ultra-bright

synchrotron sources, the X-ray Magnetic Linear Dichroism (XMLD) is a widely used

technique for the study of surface antiferromagnetism because it is elemental sensitive

and can study surface and buried interfaces.

Thus in general, antiferromagnetism of surface and interfaces has been poorly

explored due to the unavailability of suitable laboratory experimental probes. In this

thesis, we have used the exchange scattered spots of low energy electron diffraction

(LEED) as a method to probe the top layer antiferromagnetism. It is the most direct

tool for probing surface AFM and also very sensitive even for sub-monolayer film

coverage. This LEED-based technique has been widely used in this thesis to study
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the surface AFM of CoO ultrathin films were grown on Ag(001), and MgO/Ag(001)

substrates. The estimation of antiferromagnetic ordering temperature (TN) and

its variations with film coverage and substrate effects has been studied rigorously.

The surface electronic structure and the effects of antiferromagnetic ordering on

the electronic structure has been discussed in detail using XPS and ARPES in the

respective chapters. In the following subsections, I present a brief overview of the

aforementioned antiferromagnetic systems.

1.4.1 Surface antiferromagnetism: CoO/Ag(001)

The bulk CoO has a rock-salt structure with a lattice parameter of 4.26 Å is a

well studied antiferromagnet with a bulk Néel temperature (TN) of 291 K. Even

though bulk magnetism of CoO is well understood, the surface magnetism of CoO is

poorly explored because of the unavailability of surface sensitive techniques as well

as the lack of well-ordered CoO surface. Palmberg et al. [23] have first observed the

antiferromagnetism of NiO single crystal making use of the exchange scattering in

the LEED experiment. The appearance of additional magnetic half-order spots below

the Néel temperature due to the exchange scattering of the incoming electron to the

atomic electrons by the surface antiferromagnetic lattice has been extensively used

in the present thesis to probe the antiferromagnetic ordering of CoO(001) ultrathin

films. Different coverages of CoO films were grown on Ag(001), and the variation of

Nèel temperature with CoO film coverage has been investigated using temperature

dependent half-order spot intensity. The detailed electronic structure in both the

AFM and PM phases of CoO have also been investigated, and it is found to be in

good agreement with the available theoretical studies.
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1.4.2 Antiferromagnetism and Image charge screening:

CoO/MgO(001)

The reduction of magnetic transition temperatures is well understood in terms of

finite size scaling for ferromagnetic materials in low dimensions [62–64]. However,

the observations of enhanced Nèel temperature of metal supported antiferromagnetic

oxides in reduced dimensions cannot be explained only considering the finite size

effects [29,65]. The growth of an insulating oxide on a strongly polarizable metallic

substrate can cause a reduction of on-site Coulomb (U) and charge transfer energies

(∆) as ascribed by image charge screening [33]. As a consequence, the relevant

superexchange interactions, and thus the related antiferromagnetic transition temper-

ature can be substantially amplified. To explore the effects of image charge screening,

CoO was grown on Ag(001) supported MgO(001) surface in addition to bare Ag(001)

and the corresponding Nèel temperatures were estimated using half-order LEED

spots as mentioned above. Enhancement of CoO/Ag(001) Nèel temperature over the

bulk values has been explained by the underlying virtual charge excitations due to

the image charge screening. After the introduction of less polarizable MgO film of

different thickness as a spacer layer between CoO and Ag(001), Nèel temperature

reduced significantly relative to that of the bare Ag(001) substrate. Apart from the

image charge screening, conventional methods like high pressure, compressive lattice

strain can also reduce the interatomic spacing and thus to enhance superexchange

interactions and the TN in many transition metal oxides [66–68]. By introducing

MgO as a substrate, lattice strain of CoO can reduce substantially as bulk CoO

[4.26 Å], and MgO [4.21 Å] has smaller lattice misfit relative to the Ag(001) [4.08 Å].

However, it has been experimentally observed that for CoO film on MgO, uniaxial

lattice strain up to 2% has negligible effects on TN [69].

Investigation of antiferromagnetic transition temperature (TN) of CoO(001) and

its variation with film coverage and substrate has been performed using exchange
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scattered low energy electrons ascribed as magnetic half-order LEED spots. Further,

a rough estimation of average antiferromagnetic domain sizes can be performed from

the width/sharpness of the half-order spots. The evolution of average domain size with

film coverage and substrates used can be studied using the surface sensitivity of LEED.

Finally, the decay of antiferromagnetic long-range order of CoO film in the critical

region can be described in terms of the critical exponent, β, using the universal power

law of spontaneous sublattice magnetization given byM(T ) = M(0)(1−T/TN )β. The

exchange scattered half-order LEED spot intensity is proportional to the square of the

sublattice magnetization, can be used as the antiferromagnetic order parameter [70].

The value of the critical exponent (β) for different film coverages and substrate will

provide more insight into the magnetic ordering of these films.

1.5 Overview of the thesis

This thesis is divided into eight chapters including this chapter on background study.

A chapter-wise summary of the thesis with the important findings is given below:

Chapter 2 gives a general introduction to different aspects related to the prepa-

ration and characterization of the metal and oxide surfaces studied in this thesis. The

cleaning procedure of the surface and the in-situ structural characterization using

LEED has been discussed. The basics of LEED, photoemission and the theories

behind the LEED and ARPES techniques, the different mode of ARPES data col-

lection are also summarized. Few instrument developmental work in the laboratory

such as preparation of homemade evaporators and rare-earth getter pump are also

described in this chapter.

Chapter 3 has been devoted to the detailed growth and characterization of CoO

ultrathin films on Ag(001) and Ag(111). The growths of CoO in different conditions

were performed by varying different growth parameters such as substrate temperature,

oxygen partial pressure, post-growth annealing conditions, etc. The modifications
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of structural and electronic properties of CoO films upon growth conditions were

monitored using LEED and photoemission techniques, respectively. The well-ordered

stoichiometric growth of CoO has been observed at 473 K substrate temperature and

1×10−6 mbar oxygen background pressure. The pseudomorphic growth in the initial

few layers followed by the gradual strain relaxation close to the bulk lattice and the

appearance of the mosaic structure was confirmed by the coverage dependent LEED

study. Coverage dependent ARPES study reveals the presence of interfacial states

up to 5 ML coverage, originating due to the hybridization between Ag 5s band and

the Co 3d and O 2p states.

The polar CoO(111) surface grown on Ag(111) and the stabilization processes were

investigated using the surface structures appeared in LEED. Evolution of the faceted

and multi-domain surface structures with incident beam energy and film coverage

has been investigated. Although there are many processes involved in stabilizing the

polar surface, for CoO(111) we find that it is stabilized by the formation of stripe-like

faceted structure in the higher film coverages. Redistribution of the electronic density

of states also realized from the photoemission spectra of polar CoO(111).

Chapter 4 deals with the growth and coverage-dependent modifications of

the electronic structure of MgO films in proximity to the Ag(001) substrate. The

appearance of the mosaic structure in LEED has been explained by the formation of

misfit dislocations network at the oxide-metal interface. The core level XPS peak shift

with film coverage illustrates the change in on-site Coulomb (U) and charge transfer

(∆) energies of MgO layers deposited on highly polarizable Ag(001) substrate. For

lower MgO coverage, the presence of O 2p-Ag 5sp hybridized bands near the Fermi

level reduced the MgO bulk band gap substantially as a result of the finite size effects

in close proximity to the metallic substrate. The effects of image charge screening

have also been reflected in the valence band structure as the bands were shifting

towards higher binding energies with increasing coverage while keeping the valence

band maxima fixed at the same binding energy. The experimental band dispersions
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are in good agreement with the available theoretical bulk band dispersions for the 10

ML film, however, a rigorous calculation is necessary to understand the monolayer

MgO band structure properly.

Chapter 5 deals with the electronic structure and surface magnetism of CoO film

grown on Ag(001). The detailed coverage dependent core and valence band electronic

structure has been investigated using XPS and ARPES, respectively. At 20 ML

coverage, the band dispersion is almost bulk-like and quite similar to the theoretical

bulk band structure. LEED has been employed as a technique for probing surface

antiferromagnetism of CoO(001) film grown on Ag(001). The antiferromagnetic

ordering temperature has been estimated from the temperature dependence of the

half-order LEED spot intensity. Variation of the surface Nèel temperature with

film coverage and also the enhanced TN over bulk value has been discussed using

finite size, in-plane lattice strain, image charge screening effects etc. The effect of

antiferromagnetic ordering in the electronic structure has been illustrated using the

ARPES spectra of CoO(001) for both AFM and PM phases.

Chapter 6 deals with the effects of underlying MgO substrate on the surface

antiferromagnetic ordering of CoO(001) films. The variations of Nèel temperature

with film and substrate coverage were explained using the combined effects of finite

size, in-plane lattice strain, and image charge screening. A rough estimation of the

average antiferromagnetic domain size carried out from the width of the Lorentzian

fitted half-order intensity profile. The decay of long-range antiferromagnetic order

in the critical region has been described using the universal power law of sponta-

neous sublattice magnetization. The value of critical exponent (β) suggests a 3D

Ising/Heisenberg behavior in low film coverage, however, the mean-field behavior

is observed in the higher film coverage. The temperature dependent ARPES study

reveals the evidence of short-range antiferromagnetic ordering above the Nèel tem-

perature as the valence band electronic structure is quite similar in both PM and

AFM phase.
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Chapter 7 is devoted to the growth and characterization of FexO film with

the aim to investigate the surface antiferromagnetism. The growth of FexO film on

Ag(001) has been performed at different growth and post-growth treatment conditions

to obtain the well-ordered FexO film with minimum Fe2+ deficiency. The estimated

stoichiometry of the optimum sample is found to be Fe0.84O. Further, FexO was

grown on 5 ML MgO/Ag(001) to investigate the effects of MgO spacer layers on the

growth of FexO overlayers. The coverage dependent LEED and XPS study show

the well-ordered p(1×1) pattern and improved stoichiometry with enhanced Fe2+

shake-up satellite intensity, respectively. Temperature-dependent ARPES results

show no significant changes in the band dispersion except the small band-edge shift

to the higher binding energy at the low temperatures indicating the paramagnetic to

antiferromagnetic transition.

Chapter 8 describes the growth of metallic Co layers on Ag(111) using LEED,

XPS, and ARPES techniques. Incommensurate well-ordered growth was observed for

high coverages followed by the formation of 6-fold Moiré pattern for the lower film

coverages. A systematic coverage dependent XPS study confirms the well-ordered

growth without any inter-diffusion or surface alloying between the film and substrate.

Valence band electronic structure of Co film was probed by ARPES, and the magnetic

exchange splitting (0.7 eV) of Co 3d bands were observed at Γ point.
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Experimental techniques and methods

2.1 Introduction

In this chapter, I will discuss the different experimental techniques which have been

employed to perform the experiments presented in this thesis. In this thesis, I will

mainly focus on the growth, electronic structure and surface antiferromagnetism of

late transition metal and metal oxides ultrathin films. In order to study the electronic

and magnetic structure of solid surfaces, the surface must be atomically clean requiring

ultrahigh vacuum (UHV) condition during the experiments. Otherwise, the surface

will get contaminated by the adsorption of residual gas molecules of atmosphere and

the real surface properties will lost. The other advantages of UHV condition are that

the cleanness of surface can be maintained for long enough to perform experiment on

them and low energy electron and ion based experiments can be performed without

undue interference from gas phase scattering. After obtaining the desired UHV

condition, thin film can be grown in situ on a suitable substrate in the preparation

chamber. To do the structural characterization of the grown film, Low Energy

Electron Diffraction (LEED) technique has been employed on the sample surface which

provides the surface cleanness, crystalline quality and the surface symmetry as well

as the different crystallographic symmetry directions can be obtained, necessary for

performing the Angle-Resolved Photoemission Spectroscopic (ARPES) measurements.
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The detailed elemental analysis of the grown sample and tracing their change of

chemical states can be performed using X-ray Photoemission Spectroscopy (XPS).

However, for investigating surface electronic valence band structure with high energy

and momentum resolution, one has to perform ARPES measurements using suitable

ultra-violet photon sources. In photoemission experiments, the most fundamental

task is to measure the kinetic energy of emitted electrons, for which the mostly

used hemispherical type electron analyzers which will be discussed in this chapter.

In addition to the kinetic energy, the precise measurements of the takeoff angle

of the photoelectrons from the sample surface can be measured simultaneously

using 2D hemispherical analyzer as well. In our laboratory, the photoemission

experiments can be performed using He Iα (21.2 eV), He IIα (40.8 eV) and Al Kα

(1486.6 eV) photon sources. The synchrotron radiation can be used to perform the

photoemission experiments with tunable photon energy available from dedicated

synchrotron facilities. It’s most important advantages are tunability of photon energy

and polarisation of light which can be used for further detailed surface electronic and

magnetic structure studies.

In this thesis, the LEED technique has been extended to study the surface antifer-

romagnetism of the ultrathin films. The coherent magnetic exchange scattering of the

low energy electrons from an antiferromagnetic surface spin arrangement produces

half-integer order (half-order) magnetic spot in addition to the Coulomb scattered

integer-order structural LEED spots [23]. The intensity variation of magnetic half-

order LEED spots with temperature has been used to estimate the surface Néel

temperature of the sample [23]. The effect of film coverage and the underlying sub-

strate on the surface Néel temperature may also be investigated using this technique.

Therefore, we demonstrate that LEED is an essential tool for preliminary surface

magnetic studies of single crystalline antiferromagnetic solid surfaces.
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2.2 Growth and epitaxy

The modern word ’epitaxy’ comes from the two ancient Greek words, ’epi’ means

placed or resting upon and ’taxis’ means arrangement which refers to extended single

crystal film formations on top of a crystalline substrate. There are mainly two types of

epitaxy; one is the homoepitaxy where film and substrate are the same material while

the other one is heteroepitaxy, where film and substrate are composed of different

materials. In this thesis, I will emphasis on heteroepitaxial growth of different system

like CoO/Ag(001), MgO/Ag(001), CoO/MgO(001), etc. In heteroepitaxy, the lattice

constants are necessarily unmatched, and lattice strain develops in the film substrate

interface which causes the interfacial defects. The strained growth of film would

leads to changes in the electronic, optical, thermal and mechanical properties of the

films. Small lattice mismatch between overlayer material and substrate is universally

desired for the growth of the well-ordered epitaxial film.

2.2.1 Pseudomorphic and non-pseudomorphic growth

In heteroepitaxy, the lattice parameter of film and substrate differs substantially, the

film material may strain to accommodate the substrate lattice structure, then this

type of strained epitaxy is called pseudomorphic growth. Pseudomorphic growth

generally prevails during the early stages of film formation irrespective of crystal

structure or lattice mismatch. It usually occurs between the film-substrate pairs

composed of dissimilar materials having the same crystal structure. If the strain

accommodation is not possible between film and substrate, that means the film grows

with different lattice parameter than the substrate, leads to a non-pseudomorphic

growth. For small lattice mismatch, dislocation defects at the interface may be led

to the relax-epitaxy and the film relax to its original lattice structure above the

interface, whereas higher mismatch may lead to the formation of faceted structures.

Such deviations from normal ‘layer-by-layer growth’ would lead to a change in optical,
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Figure 2.1: (a) In-plane tensile and out-of-plane compressive strain (b) In-plane compres-
sive and out-of-plane tensile strain (c) Lattice parameter relaxation at a critical thickness
dc.

thermal, mechanical, electronic and surface magnetic properties of the system. In

most cases, the interfacial strain relaxes with the increase of the film thickness,

enabling and stabilizing the layered growth. The lattice misfit is defined as

f = [a(s)− a(f)]/a(f) (2.1)

where a(s) and a(f) refer to the unstrained lattice parameters of the substrate and

the film, respectively in their bulk structure. In Fig. 2.1, pseudomorphic growth

under a different type of strain represented schematically. If the misfit f > 0 (f <

0), the film undergoes a tensile (compressive) strain in the in-plane direction and

a compressive (tensile) strain in the out-of-plane directions. After exceeding the

critical thickness dc, the film will relax to its bulk parameters, accompanied by the

formation of lattice defects.

For example, in our case, Ag(001) has a lattice parameter of 4.09 Å while bulk

CoO(001) has a lattice constant of 4.26 Å. The lattice misfit between these two

materials is about 4%, while the lattice misfit between Ag(001) and MgO(001) is about

2.8 %. Thus in principle, both CoO and MgO films can be grown pseudomorpically
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on Ag(001) in layer-by-layer fashion. Above a critical thickness dc [which is about 10

ML for MgO(001)/Ag(001) system] the interfacial strain relaxes via the creation of

misfit dislocations, and the film shows a lattice parameter close to the bulk value.

The details will be discussed at the proper context in the different chapters of this

thesis.

2.2.2 Different parameters of Molecular Beam Epitaxy (MBE)

‘Molecular Beam Epitaxy’ is a method where epitaxial metal and metal oxide films

are grown on single crystal substrate in layer-by-layer fashion which involves highly

controlled evaporation under UHV condition. A good lattice matching is one essential

but not sufficient parameter for epitaxial growth. The miscibility gap of the film

and substrate material is another vital parameter for MBE growth. If the deposited

material is easily dissolved within the substrate forming intermetallic alloy, the

probability of forming epitaxial layer is less. Similarly, there should not be any

chemical reactivity between these two materials. Another critical parameter is

the surface energy of these two materials, which determines whether the deposited

material will wet the substrate forming a smooth film or discrete islands. For reactive

deposition of oxide films, e.g., the case of CoO where Co is evaporated on Ag(001)

in oxygen environment, the oxygen pressure plays a vital role in determining the

surface quality as well as the stoichiometry of the deposited film. The temperature of

the substrate during growth is another crucial parameter as it controls the mobility

of adatoms on the substrate surface. This determines how much substrate surface

will be covered by the deposited material. Therefore it is a mandatory part of MBE,

to optimize all essential parameters for growth to obtain the best quality epitaxial

film. After the deposition, different post-growth treatments can be made to improve

the crystalline quality of the epitaxial film.
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2.3 Deposition of epitaxial films

The study of surface electronic structure and magnetism requires atomically clean

solid surfaces. Since the electronic as well as magnetic structure depends on the film

thickness and the studies involving their band dispersion requires atomically uniform

and flat films. This demands the highly polished single crystals or cleaved surfaces

with large terrace width and low step density. Moreover, clean conditions also imply

an in situ sample preparation and experimental environment. In order to prepare a

good quality smooth substrate surface, a sputter gun is generally used for surface

cleaning by Ar+ ions bombardment, and a heating arrangement to anneal the crystal.

The Ar+ ions bombarded at 0.6-1.2 KeV and 1×10−6 mbar pressure are used to clean

the surface by removing impurity layers and clusters. It is necessary to anneal the

surface to provide mobility to the atoms to recover the thermodynamic stability of the

crystal structure. Annealing can be done at different temperatures depending upon

the sample and the final structure required. In some cases, when a thermodynamically

stable surface is not desired, the sample is quenched from a certain temperature

to freeze the stable structure at that temperature. The annealing can be done in

several ways, depending on the available setup and desired temperature range: direct

Joule heating by passing some current through the sample, radiation heating from

a filament near the sample, and electron bombardment by accelerating electrons

coming out of a filament onto the back of the sample. The annealing temperature is

usually measured using K-type thermocouple attached in the manipulator, in contact

with the sample holder. The cooling of the sample can be done, when required, by

contact of a sapphire ball on a copper block containing a liquid nitrogen capillary

circuit. In this thesis, I have mainly used Ag(001) and Ag(111) as substrates where

a couple of sputter-anneal cycles were sufficient enough to prepare a well-ordered

surface. The silver crystals were mounted on a particular type of sample holder

which were transferred to the preparation chamber through the load-lock chamber.
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In the preparation chamber, the substrates were cleaned by Ar+ ions sputtering (600

eV, 1 µA) for 20 min followed by annealing at 823 K for 30 min. The sputter-anneal

cycle repeated for 3-4 times, until a sharp p(1× 1) low energy electron diffraction

(LEED) pattern has been observed. All the materials in this thesis were evaporated

from the water-cooled electron-beam evaporator, resistive heating Knudsen cell and

homemade resistive evaporator. The standard thickness calibration was performed by

a water-cooled quartz crystal thickness monitor mounted on a linear transfer drive.

2.4 Surface reciprocal lattices

The concepts of lattice and reciprocal lattice on surfaces are very similar to the

three-dimensional bulk crystal. The possible 14 Bravais lattices of the bulk are

reduced to 5 two-dimensional surface Bravais lattices (square, rectangular, hexagonal,

centered rectangular, oblique) which are shown in Fig. 2.2. The two-dimensional

Figure 2.2: (a) Two dimensional Bravais lattice. The figure is taken from the Ref. [71].

lattice is a combination of one of the Bravais lattices and a basis. Since a surface is

not truly two dimensional, the basis atoms are not necessarily in one plane. Once

the basis is assigned, the two-dimensional point group of the lattice can be found out.

The point group will be some subgroup of the highest possible symmetry compatible
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with the Bravais lattice under consideration. The final symmetry of the lattice, the

space group is formed by a combination of the translation symmetry group (i.e.,

the Bravais lattice) and the point group. Similar to three-dimensional case, this

combination can lead to entirely new symmetry elements which are glide-lines in the

two dimensional case. In total, there are 17 different space groups available in two

dimension. The reciprocal basis vectors of the surface are defined in the same way as

that of the three-dimensional crystal

~g1 = 2π(~a2 × ~n)
|~a1 × ~a2|

, ~g2 = 2π(~a2 × ~n)
|~a1 × ~a2|

(2.2)

which suggests that,

~ai~gj = 2πδij (2.3)

and

|~gi| =
2π

aisin∠(~ai, ~aj)
, i, j = 1, 2. (2.4)

2.5 Low Energy Electron Diffraction (LEED)

Low energy electrons are being used in surface science as similar to X-rays for the bulk.

There are two well-known reasons for which electrons are preferred over X-rays. Firstly,

the inelastic mean free path of electrons in solids are small; therefore any technique

using such electrons is rather surface sensitive. Secondly, the de Broglie wavelength

of electron λ = h/p is comparable with the typical interlayer distance in crystals, and

thus diffraction phenomena are to be expected from the crystal surface. However, to

determine the qualitative surface structure using electrons instead of X-rays leads

to some difficulties such as the electrons interact with the solid much more strongly

relative to X-rays. As a result, electron wave refracts at the crystal-vacuum interface,

and even worse, it leads to a high degree of multiple scattering which contributes

to the inelastic background of the diffraction pattern. As we shall see below, there
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are two major ways to utilize LEED technique for surface studies. The first way

is to extract some information from the pure inspection of the surface diffraction

pattern. It gives direct and immediate qualitative information about surface order

and crystalline quality. The analysis of spot positions yields information on the size,

symmetry, and rotational alignment of the adsorbate unit cell relative to the substrate

unit cell. The second way is the quantitative structure determination which is more

difficult. Here the intensities of the different diffracted beam have to be recorded

as a function of incident electron beam energy to generate so-called I-V curve and

compare them with sophisticated multiple scattering calculations for a model system.

This model system has to be tuned until there is a good agreement between calculated

and measured I-V curve is achieved. Despite this complicated procedure, LEED

is the most powerful tool for quantitative surface structure determination of solids.

Although experiments presented in this thesis, LEED is mainly used to check the

surface order, symmetry and to extract information about overlayer and adsorbate

structures.

2.5.1 Theory

The high surface sensitivity of LEED is due to the strong interaction between low

energy electrons and solids. Upon penetrating the crystal, primary electrons will

lose kinetic energy due to inelastic scattering processes such as plasmon and phonon

excitations as well as electron-electron interactions. In cases where the detailed nature

of the inelastic processes is unimportant, they are commonly treated by assuming

an exponential decay of the primary electron beam intensity, I0, in the direction of

propagation:

I(d) = I0e
−d/λ(E) (2.5)

Where ‘d’ is the penetration depth and λ(E) indicates the inelastic mean free path

(IMFP), defined as the path an electron can travel till its intensity has reduced
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to 1/e times to its initial intensity. While the inelastic scattering phenomena and

consequently the mean free path of electron depend mostly on the energy, it is almost

independent of the material [see Fig. 2.3]. The mean free path of electron turns

out to be minimum (5-10 Å) in the energy range of 20 - 200 eV. This effective

attenuation suggests that the electron beam probes only a few atomic layers and

as a result, the contribution of deeper atoms to the diffraction gradually decreases.

To obtain the additional quantitative information concerning the surface, namely

Figure 2.3: Universal curve of mean free path (IMFP) for the inelastic scattering of
electrons in a solid [72]. The figure is taken from the Ref. [71].

atomic coordination defining bond length, bond angles, adsorption sites, etc. it is

essential to study the beam intensities. In order to correlate the beam intensities

and atomic positions, we must know the basic electronic scattering dynamics and

the characteristics of electron diffraction at LEED energies.

2.5.1.1 Kinematic theory: Single scattering

Kinematic diffraction is defined as the phenomena where electrons impinging on a

crystal surface are diffracted elastically only once by that surface. In the theory,
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the electron beam is represented as a plane wave with the de Broglie wavelength of

electron.

λ = h√
2mE

(2.6)

Let us consider a monoenergetic electron beam impinging on a surface. The beam is

represented by a plane wave [73] which is described by,

Ai = A0 exp (i ~k0.~r) (2.7)

where Ai is the amplitude of the incident wave, A0 is a constant, ~k0 is the incident

wave vector, and ~r is a position vector. If multiple scattering is neglected, the

amplitude of a diffracted beam is represented by:

As = A0
[∑

n

αfn(~s) exp (i~s. ~rn)
]

exp (i ~kout.~r) (2.8)

where fn(~s) is the atomic scattering factor for the nth atom located at position ~rn, ~s

= ~kout - ~k0 is the momentum transfer, and ~kout is the wave vector of the scattered

wave (α is a constant). However, the kinematic theory, which is based on single

scattering phenomena, is inadequate. In real electron diffraction experiments, the

electron pass through multiple scattering and therefore a detailed idea of surface

structure cannot be obtained from the kinematic model of LEED.

2.5.1.2 Dynamical theory: Multiple scattering

Dynamical theory, based on multiple scattering picture, has had its most profound

impact in the area of surface structure determination, and, consequently, LEED

has been used to determine a large number of surface structures for a wide variety

of materials. The energy dependence of the beam intensities can theoretically be

calculated for a proposed structure and its comparison with experimental LEED I-V

data gives an idea about the detailed structure of the material [73].
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2.5.2 LEED: Instrumental configurations

The operating principle of a standard LEED setup is schematically illustrated in Fig.

2.4. In a typical LEED experiment, monochromatic electrons (generally within 20-200

eV) are accelerated from an electron gun and focused with a lens system, which falls

normally on the sample surface. The electron gun for LEED has been designed in

Figure 2.4: Schematic of a typical 4-grid LEED setup [71].

such a way that minimum light from the electron gun cathode will come out in the

UHV chamber. Generally, a thoriated tungsten filament has been used as cathode,

which is heated and therefore emits electrons. These electrons are accelerated by a

variable voltage and focused on the sample surface, where they are diffracted and

traverse in the vacuum toward the fluorescent screen. The Wehnelt cylinder in the

lens system acts as an electrostatic aperture between the cathode and the anode. It

is on the same or on negative potential with respect to the cathode and regulates
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the penetration of the anode potential into the direction of the cathode. An increase

of the Wehnelt voltage leads to a narrowing of the electron beam and the sharpness

of the diffraction spots can be improved. In order to obtain a sharp focus over a

broad range of energies, the lens voltages have to be varied as a function of energy.

The secondary electrons and electrons which are inelastically scattered by the sample

surface can be kept away from the fluorescent screen by applying a negative voltage

to the suppressor grids. A set of four gold coated molybdenum grids at different

places in front of the fluorescent screen serves as energy filter. These grids prevent

access of low energy secondary electrons to the detection area, where the diffraction

pattern of the Bragg’s diffraction spots can be observed. The first grid from the

sample side is at ground potential to ensure a field-free region between the sample

and the first grid. The next two grids are set at the so-called retarding voltage to

minimize the contribution from inelastically backscattered electrons. This voltage is

slightly lower relative to the kinetic energy of the electrons produced by the gun. Two

grids have been used at the same retarding voltage, so that it repels almost all the

inelastically scattered electrons. The elastically scattered electrons pass through the

next grid, which is set to the ground potential again and are then accelerated toward

the fluorescent screen that is generally set to a high positive voltage between 4 to 5

kV. This results in the screen to glow with intensity at every point on the screen is

proportional to the incident electron flux which produces a visual map of the electron

diffraction pattern. Thus, the elastically backscattered electrons give rise to the

diffraction spots that are imaged on a phosphorous screen yielding reciprocal lattice

of the surface. Behind the screen, there is a transparent window so that the LEED

pattern can be directly observed or recorded with a Peltier cooled charge-coupled

device (CCD) camera which is interfaced with a computer in order to acquire frames

of diffraction patterns with different exposure, acquisition time and gain parameters.

The typical beam sizes are of the order of ∼1 mm2, and has a coherence length of

several hundreds of Angstroms. Apart from well-ordered surface, LEED experiments
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also require UHV and extremely clean surface (free from any surface contamination).

For this reason, surface preparation is generally performed in situ by sputtering and

annealing or by other methods like flashing, cleaving etc. We can directly map the

surface reciprocal space with LEED. It is interesting to know that, not only the bulk

termination of the crystal structure but any surface reconstruction like atomic step

arrays or adsorbate induced structures can be studied using LEED.

2.5.3 Ewald’s construction

LEED provides a two-dimensional diffraction pattern due to the interference of

backscattered electron from a well-ordered surface. The resulting diffraction pattern

is a two-dimensional reciprocal space representation of the surface unit cell periodicity.

Any two-dimensional surface can be considered as a member of three-dimensional

crystal where in the third dimension (z-direction), the real-space periodicity is infinite

which means that in reciprocal space the lattice points have to be infinitely close to

each other. This leads to reciprocal lattice rods instead of points. As a result, an

arrangement of net points which is periodic in two dimensions may be considered as

an ensemble of parallel rods of scatterers with directions [hk] and mutual distances

dhk. In this case, interference maxima are to be expected in directions given by:

nλ = dhk(sinφ− sinφ◦) (2.9)

where φ◦ is the incident angle of the impinging electrons and φ that of the backscat-

tered electrons. Intensity maxima appear at points which satisfy the two dimensional

Laue condition. These can be explained using Ewald’s construction [see Fig. 2.5].

The radius of the Ewald’s sphere represents the wave vector of the incident electron

beam, and diffracted beams appear wherever a reciprocal lattice rod intersects the

Ewald’s sphere. The diffracted pattern thus reflects the symmetry of the surface

unit mesh, and the separation between the reflexes is inversely proportional to the
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interatomic distance. As the incident energy is increased, so the sphere radius will

also increase. Consequently, the number of diffraction beams increases and the angle

between each diffraction beam decreases. The diffraction pattern will appear to

condense towards the specular beam. In order to determine the structure factor, i.e.,

Figure 2.5: Ewald’s sphere construction in surface. The incident plane wave falling
on the crystal with a wave vector ~ki and get diffracted with a wave vector ~kf , where,
~∆k = ~kf − ~ki [71].

the number and positions of atoms within the unit mesh, spot intensities must be

analyzed. It is experimentally simple to change the incident electron energy in LEED

by changing the electron accelerating voltage V, and so to obtain a record of the

intensity of a particular spot as a function of voltage V. In this way, for any particular

LEED spot, an intensity-voltage profile is conveniently obtained, the so-called LEED

I-V spectrum.

2.5.4 Overlayer notation

The phenomena of surface reconstruction and ordered surfaces make it necessary to

have a nomenclature to describe the periodicity and symmetry of the surface with

respect to that of the bulk. So, any overlayer surface formed on a substrate can
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be expressed in terms of substrate lattice vectors to establish a relation between

them. In this case, the overlayer lattice vectors ~b1 and ~b2 can be expressed in terms

of the substrate lattice vectors, ~a1 and ~a2. The mostly used nomenclature of surface

structures was proposed by Wood [74]. The surface structure is given by

N

(
b1

a1
× b2

a2

)
Rθ (2.10)

where N =‘p’ or ‘c’ for primitive or centered cells, respectively, and θ is the angle

by which the surface vectors have to be rotated with respect to those of the bulk

[see Fig. 2.6]. If the lengths |~b1| =m|~a1| and |~b2| = n|~a2| and the basis vectors ~a1

Figure 2.6: The Wood notation for surface lattices [71].

and ~a2 are parallel to the vectors ~b1 and ~b2, respectively, then the overlayer can

be termed as p(m × n) where p denotes that overlayer cell is primitive. But, if

the overlayer lattice is rotated by angle θ with respect to substrate while overlayer

lattice vectors subtending the same angle as that of substrate, the overlayer may be

termed as (m× n)Rθ◦. The Woods nomenclature has the advantage of simplicity.

However, it can not describe all surface structures because the rotation angle might

not be the same for both vectors. Some examples for the application of the Woods

nomenclature are given in Fig. 2.7. Note that despite its lack of generality the Woods

nomenclature is still useful because many structures can be described by it. A more

general description of the surface structure is the so-called matrix notation, where
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one writes,

~b1 = m11 ~a1 +m12 ~a2

~b2 = m21 ~a1 +m22 ~a2

(2.11)

This equation can be expressed in matrix notation as follows

 ~b1

~b2

 =

m11 m12

m21 m22


 ~a1

~a2

 (2.12)

The matrix which relates the substrate and overlayer lattice vectors are defined as

M,

M =

m11 m12

m21 m22

 (2.13)

Figure 2.7: Overlayer superstructure a) p(2×2) on square symmetry substrate [ex.
fcc(001)] where the p(2×2) primitive unit cell is denoted by green box. (b) c(2×2),
where the unit cells (non-primitive and primitive) are shown by the red and green boxes,
respectively, and the structure corresponding to the primitive unit cell is defined as
(
√

2×
√

2)R 45◦.

Here, we will show a few overlayer structures and their matrix form. Let us

consider a substrate surface atomic arrangement having lattice vector ~a1 and ~a2 as

shown in Fig. 2.7, where the brown circles are the overlayer atoms. Now the lattice
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vector of the overlayer are chosen as ~b1 and ~b2 and both are in the same direction

as substrate lattice vectors, but twice in length. According to Woods notation it is

defined as p(2×2) structure, denoted by green box. Unit cell of the overlayers and

the substrate are shown in Fig. 2.7(a). In matrix formalism,

M =

2 0

0 2

 (2.14)

for p(2×2) structure. If there is a center atom in every overlayer unit cell of p(2×2)

structure then that structure is defined as a c(2×2) structure [see Fig. 2.7(b)]. The

c(2×2) unit cell is indicated by the red box. On the other hand, if we consider ~c1

and ~c2 as the lattice vectors of overlayer then it is evident form Fig. 2.7(b) that both

the overlayer vectors are
√

2 times in length compared to substrate and rotated by

45◦ so the same pattern can also be called (
√

2×
√

2)R 45◦. This (
√

2×
√

2)R 45◦

unit cell is shown by the small green box. For the c(2×2) structure,

M =

 1 1

−1 1

 (2.15)

2.6 Photoemission spectroscopy

Photoemission spectroscopy (PES) is an efficient experimental technique widely

used in the study of electronic structure of solids, surfaces, electron spectroscopy

for chemical analysis (ESCA), and catalytic studies etc. [75–79]. In photoemission

experiment, an electron is emitted from occupied electronic level of the solid after

being exposed to sufficiently energetic photon beam whose energy is analyzed by

the electron energy analyzer. The phenomena of photoemission was first observed

by Hertz [80] in 1887 and later explained by Einstein [81] in 1905 by invoking the

concept of quantum nature of light. However, it took a long time for photoelectric
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effect to get established as a technique to investigate the states of an electron inside

a solid. Kai Siegbahn [82, 83] was awarded the Nobel Prize in Physics in 1981 for

the development of electron spectroscopy. In photoemission experiment, the kinetic

energy of the emitted photoelectrons usually varies from few eV to few hundred eV,

depending on the incident photon energy. The surface sensitivity of the technique

depends on the electron mean free path of the typical photoelectron in solid ranges

from 5-30 Å [72] as shown in Fig. 2.3. The photon energy can be varied using

different sources such as gas discharge lamp, X-ray gun or a synchrotron radiation

source. Depending on the incoming photon energy, photoemission technique can

be classified as follows: in ultraviolet regime (5 to 100 eV, UPS), soft x-ray regime

(100 to 1000 eV, SXPS), x-ray regime (>1000 eV, XPS) or in the hard x-ray regime

(>3000 eV, HAXPS). The emitted photoelectrons are analyzed with respect to their

kinetic energy Ekin and momentum k in electrostatic analyzer. In this simple picture,

photoemission spectroscopy (PES) measures the electronic states of the sample under

consideration. From the momentum and energy distribution of the photoelectron,

and with some reasonable assumptions, one can determine the electron dispersion

curves E(k) in the solid. Using XPS, one can observe the photoionization of core

levels where energies depend on the chemical state of the sample. Therefore, the

photoelectron spectroscopy of core levels can often be used for chemical analysis.

Whereas using ultra-violet photoemission spectroscopy, one can have an idea about

the valence bands electronic structures of the sample. Photoemission spectroscopy

measures the density of states (DOS) of the sample under consideration, and thus

the photoemission intensity is directly proportional to DOS of the sample. There

are several techniques to study the electronic structure of solids, but most of them

are indirect and integrated techniques, such as the optical experiments to study

the absorption and dielectric constant, or the resistivity measurements. Here the

quantum numbers of individual electrons are not sampled. PES can directly measure

the DOS, but it is still integrating in angle and therefore information about the
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Figure 2.8: Basic principle of a modern photoemission spectrometer. The figure is taken
from the Ref. [79].

electron momentum is lost. In order to obtain the full set of electronic quantum

numbers (except spin), one has to turn to ARPES (details in next section).

The parameters need to be measured in photoemission are kinetic energy Ekin of

photoelectron and its angle to the surface normal as shown in Fig. 2.8. Knowing the

energy of the photon (hν) and the work function of the sample surface (Φ◦) one can

estimate the binding energy EB of the electron in sample from the following equation

Ekin = hν − Φ◦ − EB. (2.16)

Fig. 2.9 shows how energy level diagram and the energy distribution of photo

emitted electron relate to each other. The Fermi energy EF is the top of the valence

band and has a separation Φ◦ from the vacuum level Evac.

2.6.1 Theory

The interpretation of photoemission spectra in solids using so-called three-step model,

developed by Berglund and Spicer [84] is extremely useful. According to this model,

photoemission process is broken up into three distinct and independent steps: In
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Figure 3. Schematic view of the photoemission process in the single-particle
picture. Electrons with binding energy EB can be excited above the vacuum
level Evac by photons with energy hν > EB + �0. The photoelectron distribution
I(Ekin) can be measured by the analyser and is—in first order—an image of the
occupied density of electronic states N(EB) in the sample.

A typical XPS spectrum of those days is shown in figure 4, namely the result of an Al-Kα

measurement on gold. One can clearly see the (5d6s) valence band close to the Fermi level
and the 5d and 4f core-levels at higher binding energies. The Au-4f core-levels have a small
intrinsic line width of ≈ 400 meV and are still very often used for the energy calibration of an
XPS spectrometer. The background intensity, increasing towards higher binding energies, is due
to secondary electrons, i.e. photoelectrons that are inelastically scattered in the sample before
escaping into the vacuum.

Meanwhile, there exist tabulated values for the core-level binding energies and
photoemission cross-sections of most elements [1, 2, 17]. With this knowledge, it is relatively
easy to analyse an XPS spectrum quantitatively and determine the element composition of a
sample with an accuracy of a few per cent. Furthermore, there is a dependence of the exact
binding energy of a core-level on the chemical environment and the valence state of the emitting
atom, the so-called chemical shift. These two aspects, observed and systematically studied by
Siegbahn et al [18, 19], together with the high surface sensitivity, make XPS an ideal tool for
the chemical investigation of surfaces and thin film, expressed in the famous acronym created
by Siegbahn: ESCA (electron spectroscopy for chemical analysis).

New Journal of Physics 7 (2005) 97 (http://www.njp.org/)

Figure 2.9: Schematic view of the photoemission process in the single particle-picture,
depicting relation between energy levels in solid and the electron energy distribution
produced by photon of energy hν [78, 79].

the initial step photoionization takes place and an electron is excited into a crystal

final state. In the second step this excited electron travel through the sample to the

surface. Finally, in the third step the photoelectron escapes from the solid into the

vacuum where it is detected.

For a given kinetic energy Ekin, the momentum parallel to the surface on the

crystal k|| is determined by the emission angle of the photoelectron. The geometry of

an ARPES experiment is schematically shown in Fig. 2.8. Usually one fixes a surface

axis to the emission azimuthal direction obtaining the simplified form of eq. (2.23).

Since translation symmetry along the surface is still present in the vacuum-solid

interface, parallel momentum conservation of the lattice gives k|| = kf || + g. Where
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kf || is the parallel momentum of the final state inside the crystal and g is a reciprocal

surface lattice vector. In addition, since the momentum of the photon is negligible for

hν < 10 keV, translational symmetry in bulk again leads to momentum conservation

in the lattice, i.e., kf = ki + G, G being a reciprocal bulk lattice vector, and ki

the initial state momentum. In the reduced zone scheme of the crystal, where all

reciprocal lattice vectors are included, this expression simplifies to kf = ki, leading

to the following relation:

k|| = kf || + g = ki|| + g (2.17)

The determination of the momentum component perpendicular to the surface

is unfortunately not so direct. The breaking of translational symmetry along this

direction leads to a relaxation of k⊥ conservation, so that ki⊥ cannot be directly

obtained. However, knowing the dispersion of the final state bands perpendicular

to the surface, the initial state perpendicular momentum ki⊥ can be derived from

energy conservation. As a first approach, we can suppose free-electron-like final state

bands, shifted from the vacuum reference Evac by the inner potential V0. Then energy

conservation leads to the following expression:

kf⊥ =
√

2m
~2 (Ekin + V0)− k2

f || (2.18)

Once we know kf⊥, ki⊥ is directly obtained from momentum conservation inside

the crystal, i.e., kf⊥ = ki⊥ + G. A more precise derivation of Eq. (2.18) requires a

better approximation to the real dispersion relation E(kf⊥). For the photon energies

used in this thesis, the approximation of free-electron-like final bands is valid except

in energy gap regions, where free-electron behavior is no longer the case of final

states.

The most general and widely used theoretical description of photoemission spec-

trum is based on using Fermi’s Golden Rule [78] as a result of perturbation theory in
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first order. In this approach, the photocurrent j is the result of a photon induced

excitation of a system from initial state |i > into a final state |f > resulting in a

photoelectron with momentum k and kinetic energy Ekin and remaining (N − 1)

electron system:

j(Ekin, k||, hν) ∝
∑

Tf |Mfi|2δ(Ef − Ei − hν)δ(kf − ki) (2.19)

where Tf accounts for the transmission probability of the final Bloch state into the

vacuum and |Mfi|2 = | < f |δH|i > |2 is the transition rate between two states inside

the crystal. The δ-Dirac terms account for the energy and momentum conservations.

The perturbation operator δH describes the interaction of a (spin-less) electron

in the system with the electromagnetic field A. For sufficiently low electromagnetic

field the Hamiltonian of the system can be written as,

H = H0 + δH = H0 + e

2mc(A · p + p ·A) (2.20)

where H0 = (p2/2m) + V is the unperturbed Hamiltonian, p is the momentum

operator p = −i~∇, m and c are mass of electron and speed of light respectively.

For photon energies below 1 keV (standard laboratory photon sources), A varies

slowly in the mean free path scale of the electron. Further, δH can be approximated

as,

δH ∝ e

2mcA · p (2.21)

using the commutator relation A · p + p ·A=2A · p − i~(∇ ·A) and the dipole

approximation ∇ ·A = 0, i.e., A is constant over atomic dimensions compared to

the wavelength of light used. In the ultra-violet photon energy range A can be taken

as constant. By using the commutation relation between H0 and p, we can write

the matrix element Mfi as Mfi ∝A· < f |∇V |i >, where V is the crystal potential.
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According to this equation the origin of the photoemission intensity is the potential

gradient.

2.6.2 Angle Resolved Photoemission Spectroscopy (ARPES)

Angle-Resolved Photoemission Spectroscopy (ARPES) is the simplest and most

direct method to investigate the electronic band structure of surfaces and have been

quite extensively used in the field of metal, semiconductor and oxide surfaces [75,85].

It has been quite successful in establishing the electronic structure of simple one-

dimensional (1D), two-dimensional (2D) systems to more complex three-dimensional

(3D) systems. There are many detailed reviews on this field are available in the

literature [77, 78]. In the 2D crystalline surface, there is a periodicity in surface

along the in-plane (x-y) direction but periodicity breaks along the out-of-plane (z)

direction of surface. Apart from energy conservation, the momentum of out-going

electrons is also conserved; however, only the parallel component is conserved while

the perpendicular component is not conserved due to the translational symmetry

breaking along the surface normal. For a given kinetic energy Ekin the parallel

component of the electron crystal momentum k|| is given by,

(k||x, k||y) =
√

2mEkin
~2 · (sin θ cosφ, sin θ sinφ) (2.22)

where k|| is the out-going photoelectron parallel momentum, m is mass of the

photoelectron and θ and φ are polar and azimuthal emission angles, respectively.

The geometry of an ARPES experiment is schematically shown in Fig. 2.8. Usually

one fixes a surface axis to the emission azimuthal direction obtaining the simplified

form:

k|| =
√

2mEkin
~2 sin θ. (2.23)

From the kinetic energy and angular distribution of the emitted electrons, the energy

vs. momentum mapping of the crystal (band dispersion) can be determined using
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the Eqs. 2.16 and 2.23. This technique of “band mapping” is a powerful probe

of electronic structure of the crystalline materials. The density functional band

structure calculations are also important to investigate electronic structure of solids.

The angle-resolved band dispersion measurement can be compared directly with the

calculated band structure, which enhances the understanding of the experimentally

observed electronic structure of the solids.

2.6.3 X-ray Photoemission Spectroscopy (XPS)

Apart from using photons with energies in the ultraviolet range as described above, it

is also possible to perform photoelectron spectroscopy with higher excitation energies

in the X-ray regime. The X-ray photon has energy high enough (e.g. 1486.7 eV

for Al Kα) to excite electrons from core levels which is usually referred to as XPS

or core level photoemission spectroscopy. The simplest application of XPS is the

determination of the chemical composition of the investigated sample known as

electron spectroscopy for chemical analysis (ESCA), as the binding energies are

characteristic for the elements in the periodic table. Still more information can be

obtained by taking energy shifts and line shapes into account and analyzing them

carefully. The exact peak positions may be capable of indicating the chemical state

of the component elements of the sample. Moreover, the change in binding energy

between two different chemical state of the same element i.e., chemical shift can also

provide the chemical state of the element in the compound more precisely. From

line shapes it is possible to draw conclusions about detailed electronic structure

parameters, interactions and even about valence band properties because valence

band electrons are generally involved in relaxation processes that follow the core

electron excitation. An asymmetry in core level peak indicates for example the

metallic behavior of the respective sample [86]. A detailed description for other
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many-body effects arise from the participation of more than one electron during the

photoemission process can be found in Ref. [87].

2.7 ARPES facility at SINP

In this section, I will describe the ARPES facility [88] that has been established at

SINP for detailed surface electronic structure characterization of crystalline materials.

This state-of-the-art facility provides high energy and angular resolutions for modern

day ARPES measurements and allows different advanced measurements such as band

structure mapping, Fermi surface mapping and photoelectron diffraction etc.

The ARPES spectrometer was designed at SINP and custom fabricated by

PREVAC Sp. z o.o., Poland, integrating different brands of components. The

schematic diagram and photograph of the ARPES spectrometer is shown in Fig. 2.10

and 2.11 respectively. The ARPES system consist of three different chambers namely,

Load-lock, Preparation and Analysis chambers with easy transfer mechanism of

samples between the chambers. The description of each chamber with its components

will provide a general idea about the system.

2.7.1 Load lock

The load-lock or fast entry chamber is to put the sample from ambient pressure to

high vacuum (< 5×10−8 mbar) where the samples can be left for initial degas. This

is facilitated with a halogen lamp which can be used to heat samples up to 200◦C. A

vacuum suitcase can be readily attached to the load-lock to transfer the sample to

other UHV systems.

2.7.2 Preparation chamber

In addition to the standard surface preparation requirements, the preparation chamber

is also equipped with several evaporators, Ag+ ion gun, quartz crystal thickness
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Figure 2.10: The schematic diagram showing different chambers and components of the
ARPES system at SINP.

monitor, sample heating arrangement, molecular oxygen supply, to perform growth

of metal and metal oxide ultrathin film and multilayers. The base pressure of the

preparation chamber is better than 2×10−10 mbar which is achieved by 1000 litre/sec

Turbo Molecular Pump (TMP) (Leybold Vacuum GmbH) cascaded with another

TMP of capacity 70 litre/sec backed by a rotary pump, and is also pumped by an

ion pump with a capacity of 300 litre/sec. This chamber consists of a Titanium

Sublimation Pump (TSP) and a Getter pump as well. Some of the important

components of the preparation chamber are described below.

a. 4-axis Sample Manipulator: For the sample manipulation, the preparation

chamber is equipped with a 4-axis (X, Y, Z, polar rotation (θ) ) manipulator with

heating and liquid nitrogen cooling arrangement. In this manipulator sample can

heated up to 1200◦C in the continuous mode and 2000◦C in the flash mode and cool

down the sample up to -170◦C using liquid nitrogen. The sample temperature is
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Figure 2.11: SINP-ARPES spectrometer including the monochromatic X-ray source.

measured by K and C type thermocouples depending on the desired temperature range.

The motion along Z-axis as well as polar rotation of the manipulator is motorized

and controlled by computer to make precise movements for sample transfers and

growing films of different thickness on the same substrate at different locations with

the help of a mask.

b. Sputtering gun: Ar+ ion sputter gun is used to clean the top surface of the

sample. The energy of Ar+ ions produced from the sputter gun can be controlled

(200-5000 eV) depending on the requirement. Usually after sputtering, one needs to

anneal the sample so that the surface atoms can re-order and take their equilibrium

positions.

c. UHV cleaver: The preparation chamber is also equipped with a UHV cleaver

and can be used to cleave insulating and semiconducting crystals in situ. Using the

same crystal, multiple cleaves can be made and samples can be heated up to 600◦C.
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d. Parking chamber: The parking chamber can store up to 6 samples at a

time. We can avoid surface contamination of crystals by storing them in-situ and

helps to speed up the surface preparation process.

e. Evaporator: For the growth of ultrathin metal films, we use a water-cooled

electron-beam evaporator. Here, the metal rod/ingot in crucible is evaporated by

electron beam bombardment heating. The flux of the ions ejected from the evaporator

is monitored and the rate of evaporation is calibrated. The preparation chamber also

equipped with a Knudsen cell that can heat up the evaporating materials to reach

higher temperature as 2173 K. It consists of some homemade resistive heating as

well as electron-beam evaporators.

f. Quartz microbalance: The rate of evaporation of metals at the sample

position can be monitored by the water cooled quartz microbalance. The shift in the

resonant frequency of the quartz crystal due to the excess material deposited on the

crystal is calibrated to the rate of deposition. The microbalance is mounted on a

Z-shift which enables its linear motion. The calibration of the evaporation rate is

performed after placing the quartz crystal at the growth position.

g. Low energy electron diffraction (LEED): LEED is the standard tech-

nique to study the surface crystalline order. The surface cleanliness, crystal orientation

at the surface and crystalline order can be deduced from the LEED pattern in a

quantitative way. We have a LEED system from OCI vacuum Microengineering, Inc.

Canada with a 12-bit CCD camera for LEED image collection. The details of the

LEED has already been discussed earlier in this chapter.

h. Sample holders: Two different types of sample holders are used for all the

experiments mentioned in this thesis. The first one, PTS 1000, is capable of resistive

heating the sample slowly upto 10000C. Here, the Ag(001) single crystal sample is

heated by a heating coil mounted at the bottom of the sample holder. The second

one, PTS 1200, can heat the sample upto 12000C. This sample holder is composed

of electron beam heating and therefore can heat up the sample with comparatively
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faster ramp. The crystal is grounded in both sample holders and the temperature

is measured by a K-type thermocouple. Perfect mounting of the single crystal on

the sample holder is essential for ARPES measurements. The flatness of the crystal

is checked by a laser beam reflection from the sample top surface. The crystalline

symmetry direction of the sample is determined by LEED measurements.

2.7.3 Analysis chamber

The analysis chamber is dedicated for performing the photoemission experiments.

The base pressure of this chamber is better than 8×10−11 mbar which is achieved

by a 600 litre/sec TMP cascaded with 70 litre/sec TMP and a rotary pump. The

chamber is also pumped by a titanium sublimation pump (TSP) integrated with a

liquid nitrogen cryo shroud. As the ARPES measurements are very sensitive to the

stray magnetic field around the sample region, the analysis chamber is made out of

mu-metal so that on the sample region we have less than 0.5 micro Tesla field. The

analysis chamber is equipped with the following components.

a. 5-axis Sample Manipulator: For the sample movement in analysis chamber,

we have another 5-axis manipulator (X,Y,Z translation and θ, φ rotation) with heating

and cooling facilities as described before. The polar θ as well as azimuthal φ rotation

of the manipulator is computer controlled so that ARPES spectra can be collected

at different polar and azimuthal angles in an automated way.

b. Monochromatic X-ray source: The analysis chamber is equipped with a

single-anode monochromatic x-ray source (Model: MX 650, from VG-Scienta) for

performing XPS and Photoelectron Diffraction measurements. The Scienta MX 650

X-ray source produces high intensity monochromatic Al Kα radiation. It contains

an aluminium anode and a quartz crystal monochromator. It yields an excitation

energy of 1486.6 eV in a narrow band of 0.4 eV.
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c. Monochromatized High Intensity UV lamp: For the high-resolution

ARPES measurements, it is required to have a high intensity UV lamp which is

monochromatized to remove the higher order satellites of the radiations. In the

analysis chamber, we are equipped with such a high-intensity lamp (VG Scienta

VUV5000) which is a microwave driven Electron Cyclotron Resonance (ECR) based

He lamp and is coupled with VUV5040 monochromator. The exit stage of the

monochromator can house different diameter capillaries to have a reduced spot size

on the sample as the angular resolution of the ARPES critically depends on the

photon beam spot size. This capillary also restricts the flow of the Helium into the

experimental chamber and thus maintaining a good vacuum during experiments. We

use a capillary of inner diameter 0.8 mm and obtain a spot size of ∼1.2 mm of the

photon beam at the sample position. Moreover, it helps to maintain the chamber

pressure to the base pressure even during the ARPES experiments. For the ease of

operation, the whole UV lamp is mounted on a special manipulator so that the lamp

can be inserted very close to the sample (about 10 mm) and can be retracted after

the experiments. The UV lamp primarily gives He Iα (21.22 eV) and He IIα (40.81

eV) with energy resolution better than 1 meV. The whole assembly is pumped by

various pumping stages to reduce the flow of helium into the analysis chamber.

d. Hemispherical Electron Analyzer: The heart of the ARPES experiment

is to measure the kinetic energy of the outgoing electrons at different emission angles.

In the analysis chamber, we have a 200 mm concentric hemispherical analyzer (VG

Scienta R 4000-WAL) with wide-angle lens for high-resolution and fast ARPES

measurements. This is the state-of-the-art 2D analyzer with Multi-channel Plate

(MCP)-CCD detector which can map the emission angle of the electrons with their

kinetic energy and obtain a direct dispersion images on the screen. The widest

angular range possible is ±15◦ with an angular resolution ∼1◦. There are other

angular ranges ±7◦ and ±3◦ with angular resolutions ∼0.4◦ and ∼0.1◦, respectively.

The energy and angular resolution have been tested at the laboratory with values
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Figure 2.12: Experimental energy resolution measurement on Xe 5p3/2 [61].

matching near the specified values. The angular dispersions of the analyzer have

been tested with a special angular device mounted on the sample manipulator. The

gas cell measurements on the 5 p3/2 core level of Xenon (at binding energy ∼12.1 eV),

gives the energy resolution matching to the expected performance of the analyzer as

shown in Fig. 2.12. However, the experimental energy resolution on solid samples

depends on the sample temperature.

2.7.4 Electron Energy Analyzer

In photoemission process, the most important part is measuring kinetic energy of

the photoelectrons. The photoelectrons drifting in the vacuum are pulled toward

and focused into the energy analyzer by an electric field created by an electrostatic

lens. Though energy analyzers come in different configurations, the most common

type is the Concentric Hemispherical Analyzer (CHA) [89]. A CHA consists of two

hemispheres of radius R1 and R2 [Fig. 2.13] of slightly different sizes having the same

center point. A voltage is placed across the two hemispheres such that the inner
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one is positively charged relative to the outer one, hence creating a radial electric

field. The electrostatic lens directs the photoelectrons into the space between the two

hemispheres. Subsequently, all the photoelectrons will experience a centripetal force

and hence undergo uniform circular motion. Thus, the radius of curvature of this

motion for a given potential difference between the two hemispheres is determined

by the electron’s kinetic energy. The kinetic energy of the electron traveling on the

central path R0 = (R1 +R2)/2 is given by

Ep = eV

R2/R1 −R1/R2
(2.24)

This energy is called the pass energy of the analyzer, and it is determined by the radii

of the hemispheres and the voltage applied between them. Photoelectrons that have a

kinetic energy greater than the pass energy will have a larger radius of curvature and

will therefore collide with the outer hemisphere. Whereas photoelectrons that possess

a kinetic energy less than the pass energy will have a smaller radius of curvature

and will coincidentally collide with the inner hemisphere. Note that the pass energy

actually has a small range of energies associated with it, since the space between the

hemispheres is not infinitesimally small. When a photoelectron survives to come out

the other side of the space between the hemispheres, it strikes an electron multiplier

in order to increase the signal to a more discernible amount. Electron multipliers

consist of material with electrons in a low binding energy state such that the energy

of the photoelectron is capable of dislodging multiple electrons from their atoms,

which in turn will dislodge even more electrons. This cascade effect increases the

number of electrons striking the detector, thus improving the signal since the current

contribution of a single electron would be difficult to detect. Note that the kinetic

energy of these detected electrons is not important since the kinetic energy of the

electron that started the cascade has already been determined.
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Figure 2.10. Schematic of a hemisphere electron energy analyzer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11. Schematic of the Scienta electron analyzer with 2D detector (Energy and emission 

angle).

Figure 2.13: Schematic of a concentric hemispherical electron energy analyzer. Taken
from Ref. [90].

The energy resolution of a CHA is calculated as [91]

∆E = Ep(
x1 + x2

2R0
+ α2) (2.25)

where x1 and x2 are width of the entrance and exit apertures, α is the angular

acceptance of the electron beam at the entrance slit. From the above relation, it is

evident that the radii of the hemisphere and the slit width are relevant in determining

the resolution of an energy analyzer. Hence, a large hemisphere is inherently favored

because of a better resolution. In reality, the pass energy and the aperture sizes are

set to achieve a good compromise between signal intensity and energy resolution.

2.8 Modes of photoemission data collection

Photoemission experiments can be performed in different modes. The most common

mode is called Energy Distribution Curve (EDC) and consists on measuring the
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kinetic energy of the photoelectrons for fixed photon energy, as can be seen in

Fig. 2.14(a). Since the total energy must be conserved, different kinetic energy
2.3 Analysis of the electronic structure 23
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Figure 2.10: a) Schematic representation of the energy balance (top) and typical spectra

(bottom) for an EDC experiment (b) Same for a CIS experiment.

ki,f⊥ = kR
i,f⊥ + kI

i,f⊥ (2.13)

Ei,f = ER
i,f + EI

i,f (2.14)

EI is the imaginary part of the self energy Im{Σ} of the quasiparticle approxi-

mation. Now, if we define ∆k = 2kI and Γ = 2EI we have the following relation:

∆k =
1

λ
=

Γ

h̄v
(2.15)

where λ is the mean free path,18 and v the group velocity. ∆k is therefore the inverse

escape depth and Γ the inverse lifetime of the electron. With these definitions we can

include the many body effects in photoemission by substituting the δ-Dirac functions

for the conservation laws in Eq. 2.11 by the corresponding Lorentzian distributions:

18 For the final state, the mean free path corresponds to the escape depth.

Figure 2.14: Schematic representation of energy balance (top) and typical spectra
(bottom) for a) an EDC experiment and b) a CIS experiment [92].

implies different initial energy. A typical EDC spectrum is shown in bottom of

Fig. 2.14(a). The peaks correspond to elastically scattered photoelectrons, while

the inelastic electrons spread in a smooth background. The cut-off at high kinetic

energies indicates the Fermi level. In general, EDC curves are used to investigate the

dispersion of the initial states, as well as the lifetime of the initial hole and the final

electron. By taking EDC curves for different emission angles at the same photon

energy we are selecting different parallel momenta and therefore the dispersion of

Chapter 2. Experimental techniques & Instrumentation



2.9. Instrument development in the laboratory 51

the initial states parallel to the surface can be mapped. This is what is usually done

in a laboratory.

Another type of experimental mode is the Constant Initial State (CIS). Here

one can fix the initial energy by simultaneously varying both the photon and the

measuring kinetic energy, as can be seen in Fig. 2.14(b). Thereby measuring the

initial state photoemission cross-section as a function of photon energy. In the CIS

spectra shown below, we see that the photoemission cross-section of the initial state

oscillates as we vary the photon energy. We can obtain information about the spectral

function of the initial and final momentum perpendicular to the surface from CIS

experiments. In this thesis all the photoemission data were collected in EDC mode,

hence CIS mode is beyond the scope of this thesis.

2.9 Instrument development in the laboratory

A substantial part of the Ph.D. tenure was spent in developing different homemade

instruments not only to do cost-effective research but also to achieve better ex-

perimental condition like attaining lower base pressure in the UHV chambers by

incorporation of homemade getter pumps. Some of the UHV grown thin films that

will be presented in the thesis were grown by homemade evaporators. In the following

sub-sections, I will discuss the details of the homemade evaporators and getter pumps.

2.9.1 Evaporators

Commercial effusion cell is readily available in the market for thin films deposition.

However, commercial effusion cell can be costly at times. So, our motivation was

to build cost-effective evaporators also to save time in procuring the evaporators

from the company. The basic design of the resistive-type evaporators is shown in the

Fig. 2.15 (left) along the actual photograph of the evaporator (right). Two tungsten
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Figure 2.15: Schematic representation of a homemade resistive-type evaporator showing
different components (left) and the real photograph of the evaporator (right) with heat
shield shown from top (inset).

rods were connected to two opposite feedthrough connector using molybdenum

barrel connectors, which was made in our workshop using molybdenum rods. A

high purity alumina crucible from Alfa Aesar (Al-23), was used to evaporate the

material. However, the choice of crucible is crucial and depends on the material to be

deposited. The exact crucible can be chosen from the evaporation table [93]. It was

confirmed form the table that Al2O3 crucibles can be used for resistive evaporation

of magnesium (Mg), the evaporating material in our case. Next, tungsten wire used

as filament was wound around the crucible. The diameter of the filament can be of

different value. To reach a particular a temperature one needs to send larger current
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in thicker filament compared to thin one. However, for the mechanical stability of the

assembly, an optimum thick tungsten wire is necessary as otherwise the crucible would

sag under its own weight when heated to higher temperature. As the temperature

required for evaporation of Mg (T= 247◦C) was lower, we did not use any extra

support to hold the crucible and was hung by the filaments themselves. For Mg,

10−6 mbar vapour pressure can be reached at T= 247◦C [93]. For that reason we

have used a moderate diameter (0.375 mm) tungsten wire as filament. The two ends

of the filament is spot welded to the two tungsten rods. The tungsten rods were

initially cut to have desired length. A disc made of macor, a machinable ceramic was

connected in between the crucible and feedthrough as a housing to the heat shield

and also to reduce heat flow to the body of the chamber. A cylindrical heat shield,

made of thin tantalum foil (thickness 0.25 mm) was made to reduce the heat flow

in the chamber and to attain a good base pressure during evaporation. The reason

behind choosing tantalum is that Ta is refractory and gets degassed thoroughly by

the heating. So, after proper degassing, the base pressure is very low as well as it

contains the heat. The flow of the evaporating material is collimated by means of a

hole on top side of heat shield as shown in Fig. 2.15. Once we were finished with

the fabrication of the effusion cell we put it in a testing chamber for setting up the

evaporator for regular use. The alumina crucible used was first cleaned chemically

by ultrasonication. Initially, the crucible was kept empty inside the testing chamber

during initial degassing. The idea was to degas the crucible to remove any unwanted

or adsorbed material in it. The current in the filament was increased slowly in step

to have a well-formed filament. When the filament became red hot after 2-3 cycles

of degassing, we increased the current further till the filament became white hot to

degas the crucible as well as the tantalum shield. The number of degassing cycles,

however, can be increased depending on the base pressure. We have reached as low

as 2×10−10 mbar base pressure. After that, the evaporator was taken out to put the

evaporating material into the crucible. Mg chips (99.98%) from Sigma Aldrich was
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used as evaporating material in the evaporator. The evaporation rate was calibrated

using water-cooled quartz microbalance, and a constant evaporation rate at a low

base pressure was observed over a long deposition time. After this, the evaporator

was taken out and was installed in the preparation chamber of the ARPES system

for the deposition experiments.

2.9.2 Getter pumps

The use of getter material to achieve better UHV condition is well known [94, 95].

Getter provides a pumping action utilizing a chemical reaction where a chemically

active gas reacts with chemically active metal to form a low vapour pressure material.

Hydrogen (H2) is the only gas, other than inert gas for obvious reason, which does

not react with the getter material instead dissolve into the getter material to form

a solid solution. Getters can be classified into two separate categories: evaporable

and non-evaporable. Evaporable getters were used in our system. Getter materials

are evaporated on an internal array or a portion of the inner surface of the chamber.

There it forms a thin film which acts as a pump for active gases and H2. The pumping

speed is directly proportional to the total exposed surface area of the condensed film.

The pumping speed of a freshly deposited film will decrease as it reacts (pumps) the

gas in the vacuum chamber, and the lifetime of the film depends upon the gas load it

is required to pump. Therefore, getter films need to be formed at a regular interval.

In case of our UHV system, it was observed that using turbo-molecular pump backed

by rotary pump also with a titanium sublimation pump (without liquid nitrogen

cooling) was able to reach a pressure 2×10−10 mbar. At this low pressure, the major

part of the residual gas is H2 as observed by the Residual Gas Analyser (RGA). So

the aim was to reduce the partial pressure of H2 by using suitable getter material. It

is well-known that rare earth material absorbs H2 gas [96]. So we have chosen Cerium

(Ce) as an evaporable getter material. To evaporate Cerium, we have to reach a
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Figure 2.16: Schematic representation of homemade electron-beam type evaporator used
for Cerium evaporation.

temperature of 1000 ◦ C [93]. Though the said temperature can be reached using

resistive type evaporator using alumina crucible, we found that alumina got cracked

and eventually broke if used continuously at high temperature for Cerium evaporation.

So, electron-beam type evaporation was preferred. This Cerium evaporator for the

Getter pump was also made in our laboratory. The same type of UHV feedthrough

was used to connect two tungsten rods of suitable length. Thin tungsten wire (0.1

mm) was used as filament and connected to the two tungsten rods forming a circle

keeping the crucible at the center [see Fig. 2.16]. Molybdenum crucible was machined

out from a Mo rod and used in the electron-beam evaporator. The crucible was

connected through a tungsten wire to a pin in the feedthrough to keep the crucible

at a higher voltage compared to the filament. Now, keeping the crucible at 700-1000

Volt if we pass current through the filament, due to thermionic emission, electrons
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will be ejected from the filament and strike the crucible to heat. As a result, Cerium

will be evaporated. Unlike Macor in resistive case, we had used quartz glass in the

form of a disc to reduce heat flow towards flange. There was no heat shield like in

the case of resistive evaporator. Instead of the heat shield, an umbrella of stainless

steel was used over the evaporator so that the evaporated material evaporates on

the umbrella surface and does not get deposited on the main chamber at all. As

mentioned earlier, the pumping speed of this type of system is directly proportional

to surface area. To enhanced the effective surface area of the evaporated Cerium,

many strips of thin stainless steel plates were spot welded inside the umbrella surface.

The total system along with the umbrella was put into very small and compact UHV

chamber and finally connected to the main UHV chamber so that even accidentally

there would be no deposition of Cerium onto the system. Before putting it into the

main chamber, the evaporator and the shield were well-degassed in another testing

UHV chamber. The pressure of the main chamber was found to reduce to 5×10−11

mbar from 2×10−10 mbar up on Cerium activation with substantial reduction in the

hydrogen partial pressure as could be seen from RGA. The advantage of this pump

over the titanium getter pump is that the pumping volume, in this case, is much

larger than that of Ti getter pumps since the gases may diffuse easier in the bulk

of rare earth metals, and also the pumping surfaces do not have to be cooled with

liquid nitrogen.

2.10 Summary

This chapter provides a brief introduction to different experimental techniques used

in this thesis. Different aspects of epitaxial film growth on a substrate has been

illustrated. LEED technique has been used extensively to study the surface crystalline

structure and antiferromagnetism of the grown films. To probe the valence band

electronic structure of the crystalline thin films, ARPES has been satisfactorily
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used. On the other hand, XPS probes the core levels of the elemental components.

Development of different homemade instruments in the laboratory during the Ph.D.

tenure has also been mentioned here.
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Growth and characterization of CoO thin film
on Ag(001) and Ag(111)

3.1 Introduction

Late transition metal monoxides are promising systems for potential applications in

the field of lasers, sensors and catalysts [97–99]. However for use in these applica-

tions, one requires a detailed understanding of their optimum growth conditions and

the dependence of structural and electronic properties on these growth parameters.

Moreover, from a basic science point of view, the exact description of the electronic

structure of ultrathin monoxides like NiO, CoO etc. is still a matter of interest due

to their strong electron-electron correlations. Electronic structure of CoO single

crystals was studied by several groups [56, 100–103] though studies using various

surface sensitive techniques such as LEED, photoemission etc. has been hindered

due to the charging effects from the insulating CoO surface. However, now it is well

known that growth of high quality insulating ultrathin films on metallic substrates

can reduce the charging effects due to their proximity to the metallic substrates. So

far, most of the studies related to the electronic structure of CoO systems were

Part of the work presented in this chapter has been published in Journal of Crystal

Growth, 487, 28-33 (2018).
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focussed either on the bulk crystals or on thick films. Though there are stud-

ies available on the electronic structure of CoO thin films [1–3], however, detailed

growth optimization and the effect of growth parameters on the surface electronic

structures have not been addressed so far in the literature. Moreover, a closer

inspection near Fermi edge reveals the appearance of interfacial states in the lower

coverage of CoO film which has been already known for prototype systems like

NiO/Ag(001) [3–5] and MnO/Ag(001) [6]. The interfacial state induced metallic

character in the low film coverage disappears in the bulk CoO. The insulating na-

ture of bulk CoO is related to the antiferromagnetic ground state, the metallic

behavior in the low coverages may influence the magnetic properties of the film.

The present study involves understanding the growth mechanism of CoO films on

Ag(001) substrate and related electronic structure in the ultrathin regime. In order

to grow a stoichiometric and well-ordered film, control over the growth parameters

is essential because non-equilibrium growth conditions can lead to different growth

modes and film structures. There are several methods of oxide growth available

on metallic single crystal substrates, however, the evaporation of Co metal in the

oxygen atmosphere is preferred rather than oxidation of Co film for the layer-by-layer

growth [1,2,104,105]. The growth at elevated substrate temperature can be more

effective to get a well-ordered stoichiometric film than the two-step growth process,

i.e., growth at RT followed by subsequent annealing at a higher temperature. It is

evident that two-step growth in the low coverage regime forms precursor state which

transforms into a well-ordered (2×1) double layer CoO(001) islands upon post-growth

annealing at higher temperature [106, 107]. In the last two decades, CoO growth

on different metallic substrates was explored using Scanning Tunneling Microscopy

(STM) and photoemission spectroscopic techniques [106–111]. Sebastian et al. [107]

reported that initial stages of CoO growth drastically depends on the preparation

conditions. The growth of well-ordered islands of monolayer CoO(001), CoO(111),
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and double layer CoO(111) islands on Ag(001) has been studied by STM [105,106].

So, the growth of these transition metal oxides is still a matter of interest, especially

in the ultrathin regime.

3.2 Experimental details

All the experiments were performed in a standard UHV setup having base pressure

better than 1×10−10 mbar. Well-polished Ag(001) substrate was prepared by repeated

cycles of Ar+ ion sputtering (600 eV, 1 µA, 1×10−6 mbar) and annealing at 823

K until a well-ordered p(1 × 1) LEED pattern was observed. High purity cobalt

(99.995%) was evaporated from an alumina crucible within a well-degassed effusion

cell at a constant rate of 0.4 Å/min, in the oxygen atmosphere. Initially, the oxygen

background pressure was kept fixed at 1×10−6 mbar and 5 ML CoO films were grown

at two different substrate temperatures, namely, room temperature (RT i.e., ∼ 300

K) and 473 K. Afterwards, keeping the substrate temperature fixed at 473 K, the

oxygen background pressure was changed to 1×10−7 mbar. During growth, oxygen

was introduced via a capillary tube guided close to the sample surface, resulting in

a higher local pressure, without much affecting the base pressure of the chamber.

The sample temperature was measured using a K-type thermocouple, in contact

with the Ag(001) crystal. The deposition rate was calibrated using a water-cooled

quartz crystal thickness monitor, mounted on a linear drive which could move to

the sample position to measure the growth rate. The monolayer (ML) of CoO

is defined as the atomic density corresponding to 1 ML cobalt on Ag(001), i.e.,

9.03×1018 atoms/m2, under the oxygen atmosphere. The surface crystalline quality

and the symmetry directions of the surface Brillouin zone (SBZ) were determined

using a four-grid LEED apparatus (OCI Vacuum Microengineering) attached to

the preparation chamber. A highly sensitive 12-bit Peltier cooled CCD camera was

used to collect all the LEED images at RT. ARPES measurements were performed
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using a combination VG SCIENTA-R4000WAL electron energy analyzer with a

2D-CCD detector and a high flux GAMMADATA VUV He lamp attached to a VUV

monochromator, which has been described in detail elsewhere [88]. He Iα(21.2 eV)

and He IIα(40.8 eV) resonance lines have been used to excite the photoelectrons

from the sample for ARPES measurements while monochromatic Al Kα X-ray source

(1486.6 eV) from VG SCIENTA has been used for core level XPS measurements. The

Fermi energy (EF ) position and the total experimental energy resolution has been

estimated using clean polycrystalline bulk Ag sample as reported earlier [112]. All

the XPS and ARPES measurements were performed at RT with total experimental

energy resolutions better than 0.6 eV and 0.1 eV respectively, including the thermal

broadening near the Fermi energy.

3.3 Experimental results on CoO/Ag(001) and discussion

3.3.1 LEED study at different growth conditions and film coverages

As mentioned earlier, 5 ML CoO was grown under different growth conditions and the

surface crystallinity was investigated by LEED in order to obtain the optimum growth

condition. For the RT growth (G1), a faint (2 × 1) twin-domain pattern appears

due to the under stoichiometric phase [see Fig. 3.1(a)]. Similar LEED pattern was

observed in the early stage of NiO and CoO films growth [107,113–115] though they

are bit different in nature. In the 1-2 ML coverage, NiO and CoO form precursor

states at RT growth which give rise to a (2×1) LEED and disappears with increasing

coverage or annealing at the higher temperature. In contrast, we have observed this at

5 ML coverage which was not completely removable by post-growth oxygen annealing

at 473 K (A1) [see Fig. 3.1(d)]. The growth at the elevated substrate temperature

(G3) shows a faint eight-fold mosaic structure surrounding each integer spot of the

(1 × 1) pattern as shown in Fig. 3.1(c). However, the oxygen-deficient elevated

temperature growth (G2) shows mosaic-free sharp LEED pattern [see Fig. 3.1(b)].

Chapter 3. CoO growth optimization



3.3. Experimental results on CoO/Ag(001) and discussion 62

(a) RT, 1×10-6 mbar (c) 473 K, 1×10-6 mbar(b) 473 K, 1×10-7 mbar

(f) 673 K, 1×10-6 mbar(e) 573 K, 1×10-6 mbar(d) 473 K, 1×10-6 mbar

G1 G2 G3

A1 A2 A3

Figure 3.1: LEED images of 5 ML CoO collected at RT with 55 eV beam energy for
different growth conditions. Fig. 1(a)-(c), shows the LEED pattern at three different
growth conditions labeled as G1, G2, and G3. Fig. 1(d)-(f) shows the LEED image of the
corresponding post-growth annealing at different conditions labeled as A1, A2, and A3,
respectively. Inset of each figure shows the zoomed-in view of the (1,0) integer-order spot.

Upon post-growth oxygen annealing at the higher temperature (A2) a very faint

mosaic structure starts appearing as shown in the inset of Fig. 3.1(e). Post-growth

oxygen annealing at even higher temperature (A3) of the film grown at 473 K (G3),

the eight-fold mosaic structure transforms into a four-fold mosaic structure as shown

in Fig. 3.1(f). The coverage dependent LEED study also reveals the evolution of

mosaic structure with film coverage. Fig. 3.2(a)-(d) shows the LEED images of

different film coverages grown at 473 K (G3). In the lower coverage region (2 ML),

mosaic-free and high-intensity sharp spots were observed [see Fig. 3.2(a)]. As the film

coverage increases, the eight-fold mosaic structure starts appearing at 5 ML [see Fig.

3.2(b)] which transforms into a four-fold mosaic structure at 10 ML [see Fig. 3.2(c)]

and finally disappears at 20 ML film coverage as shown in the inset of Fig. 3.2(d).

Evolution of in-plane lattice parameter [see Fig. 3.2(e)] shows that the CoO film

growth starts with the same in-plane Ag(001) lattice parameter up to 2 ML despite

∼4% lattice mismatch between Ag(001)[4.09 Å] and bulk CoO [4.26 Å]. With further
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Figure 3.2: (a)-(d) LEED pattern of different CoO film coverages grown at 473 K and
1×10−6 mbar oxygen background pressure (G3). All the images were taken at 55 eV
incident beam energy where the mosaic intensities were maximum. The zoomed-in view of
the (10) LEED spot has been shown for better clarity of the mosaic structure around each
spot. (e) Evolution of in-plane lattice parameter as a function of CoO film coverage.

increase in film coverage, in-plane lattice parameter increases steadily and reaches to

an almost saturated value 4.22 Å at 20 ML. Complete strain relaxation is expected at

even higher film coverages to reach the bulk CoO lattice parameter. After the initial

few layers of pseudomorphic growth, the film gradually relaxes by virtue of misfit

dislocation at the buried interface which exhibits the mosaic structure in LEED

pattern. The misfit dislocations created by interfacial lattice strain between the

substrate and the film causes these types of mosaic structure as explained by several

groups [116,117]. We have also observed very faint eight-fold mosaic pattern which

transforms into a four-fold mosaic structure upon annealing to a higher temperature

or increase in film coverage. Our optimized LEED setup with the high-resolution

CCD camera enables us to observe such faint structures in the LEED pattern. In

extension to the available explanation of the four-fold mosaic formation, one can

predict the eight-fold mosaic formation in a similar fashion. If the mosaic grains form

glide planes at an angle 45◦ to each other in the real lattice, the diffraction pattern in
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the reciprocal lattice should be eight-fold instead of being four-fold. Upon annealing

at a higher temperature, these glide planes reorient themselves in one direction due to

the available thermal energy which transforms the eight-fold mosaic into a four-fold

mosaic structure. With increasing film coverage, the unidirectional strain relaxation

can also lead to the eight-fold mosaic into a four-fold mosaic structure [118]. However,

in order to investigate the exact mechanism of this transformation we have to use

more direct microscopic techniques like STM.

3.3.2 Core level electronic structure

Fig. 3.3(a)-(b) shows the Co 2p and O 1s core level spectra of 5 ML CoO for different

growth conditions. The RT growth (G1) shows a non-stoichiometric phase of CoO as

the Co 2p peaks are shifted towards lower binding energy positions. [see Fig. 3.3(a)].

Unlike the stoichiometric CoO, which has only Co2+, this non-stoichiometric phase

consists of both Co2+ and Co3+ cations. The core emission at 779.6 eV primarily

corresponds to Co3+ which is in line with the spinel Co3O4 structure [119], however,

the emission at 780.3 eV corresponding to Co2+ is shifted from Co2+ position (780.5

eV) of spinel Co3O4 by ∼ 0.2 eV lower binding energy indicates a non-stoichiometric

Co3O4 growth as well. Moreover, the CoO characteristic shake-up satellites are less

prominent for RT (G1) relative to the elevated temperature growths (G2, G3) as

reported earlier [119]. This non-stoichiometric phase growth is quite expected due to

high sticking coefficient of oxygen at RT. The post-growth oxygen annealing at 473

K (A1) of the RT-grown film (G1) for 20 min was ineffective to grow stoichiometric

CoO as there was no significant Co 2p peak shift upon annealing [see Fig. 3.3(a)].

The oxygen-deficient growth (G2) shows the weak metallic Co 2p3/2 and Co 2p1/2

peaks at 778.3 eV and 793.4 eV, respectively which disappear upon post-growth

oxygen annealing (A2) for 20 min. However, the O 1s peak is shifted towards lower

binding energy which is not desired for stoichiometric growth. For the growth G3,
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Figure 3.3: (a)-(b) Co 2p and O 1s core level spectra of 5 ML CoO for different growth
and post-growth annealing conditions. Three different set of growth and their corresponding
annealing spectra are labeled as G1, G2, G3 and A1, A2, A3, respectively.

Co 2p3/2,1/2 peaks were observed at 780.5 eV and 796.3 eV, respectively, with their

corresponding shake-up satellites about 6.2 eV higher binding energy from the main

peaks. The O 1s peak was observed at 530 eV for elevated temperature growths (G2,

G3) as shown in Fig. 3.3(b). These spectral positions of the film grown at G3 are

good in agreement with the earlier reported single crystal data [56,120]. Post-growth

oxygen annealing at 673 K (A3) causes no significant change in Co 2p peak position,

however, the O 1s peak is shifted towards lower binding energy due to the lower

oxygen sticking coefficient at elevated temperature. All the Co 2p and O 1s peak

positions for different growth and annealing conditions are shown in Table 3.1.

Despite a well-ordered mosaic-free (1× 1) LEED at the oxygen-deficient growth (G2),

the presence of the metallic character in the XPS spectra suggested using higher

oxygen pressure for subsequent growths. XPS results indicate a stoichiometric CoO
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Table 3.1: The core level binding energy positions of 5 ML CoO film for different substrate
temperature and oxygen partial pressure growth. All the values are in eV.

Core lines G1 A1 G2 A2 G3 A3 Ref. [56] Ref. [121]
Co 2p3/2 779.9 779.9 780.3 780.3 780.5 780.4 780 780.4
Co 2p1/2 795.5 795.4 796.2 796.2 796.3 796.1 - 796.2
Co 2p3/2 sat 785.8 786 786.4 786.4 786.6 786.3 786 786.7
Co 2p1/2 sat 802.6 802.7 802.9 802.8 802.8 802.8 - 802.5
O 1s 529.5 529.5 530 529.8 530 529.7 528.5 529.4

growth at the elevated substrate temperature (∼ 473 K) with a minimum 1×10−6

mbar oxygen background pressure (G3).

3.3.3 Evolution of valence electronic structure with growth conditions

and film coverages

Fig. 3.4 shows the ARPES spectra at Γ symmetry point of CoO(001) surface Brillouin

zone (SBZ) for the films grown at different growth conditions using monochromatized

He IIα photons within the binding energy (BE) range of 0-10 eV. All the energy

distribution curves (EDC) are taken with angular averaging over ±2◦ around the

Γ point. The distinct feature ‘A’ appears at the top of the valence band [see Fig.

3.4] of non-stoichiometric CoO phase grown at RT mainly due to the presence of

Co3+ as observed in XPS. It is reported that the top of the valence band of Co3O4

results from the 3d6L
¯
final state of the octahedral Co3+ 3d band which exhibits as a

sharp valence band peak at 1 eV below the Fermi level [119]. The feature ‘A’ also

appears at 1 eV with an extended band edge approaching Fermi level which confirms

the presence of Co3+ in the non-stoichiometric phase grown at RT. Post-growth

annealing (A1) does not change the feature ‘A’ significantly which is consistent with

our XPS measurement as well [see Fig. 3.3(a)]. For the oxygen-deficient growth (G2),

a feature ‘A′’ similar to ‘A’ is observed in the vicinity of the Fermi level [Fig. 3.4].

This could be due to the presence of metallic Co or oxygen defects in the CoO films
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Figure 3.4: ARPES spectra of 5 ML CoO at Γ point using He IIα photon at different
growth conditions. Angle-resolved EDC of clean Ag(001) is also shown as a reference
spectra.

which in both cases indicate incomplete oxidation of Co due to insufficient oxygen

partial pressure. Upon post-growth oxygen annealing at 573 K (A2) for 20 min,

the feature ‘A′’ diminishes and the spectral feature matches well with the elevated

temperature growth. The origin of the feature‘A′’ appears at 0.5 eV binding energy

most likely to be metallic Co present in the sample as confirmed by XPS. Moreover,

we have confirmed it by growing 5 ML Co on Ag(001) that there is a sharp peak

at 0.5 eV in the valence band spectra corresponding to Co 3d band (not shown).

For the film grown at 473 K (G3), there is no such feature corresponding to any

Co3+ or metallic characteristic states, implying a stoichiometric CoO growth. The

features ‘B’, ‘C’ of Co 3d origin and ‘D’, ‘E’, ‘F’, and ‘G’ in the Ag 4d and O 2p

region does not change significantly with different growth conditions. So it is evident

that the tuning of substrate temperature is more crucial than the oxygen partial

pressure as long as there is a minimum oxygen background pressure for stoichiometric

CoO growth. In order to monitor the growth in the low coverage, the sensitivity of
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Figure 3.5: ARPES spectra at M point of Ag(001) with the different coverages of CoO
film. The intensity variation of Tamm-surface state(SS) of Ag(001) with film coverages is
shown using He Iα photon energy.

Tamm-surface state (SS) of Ag(001) to surface conditions such as surface adsorption,

surface order, surface potential etc. has been employed. The Tamm-like surface state

at M symmetry point of Ag(001), originates due to the lower surface potential of the

topmost Ag layer and appears at 3.9 eV binding energy position with a sharp intense

peak [122]. ARPES spectra at the M point of Ag(001) along with the spectra of 1, 2,

and 5 ML CoO films grown at 473 K (G3) are shown in Fig. 3.5. The clean Ag(001)

exhibit a strong peak at 3.9 eV binding energy due to the emission from the Tamm

SS. Upon deposition of 1 ML CoO, the intensity of SS peak decreases but not very

significantly. For 2 ML film coverage also we observe the presence of Tamm SS, but

now with diminished intensity. The presence of SS up to 2 ML coverage is a clear

indication of the lack of layer-by-layer growth as the intensity of SS is a measure

of the bare Ag(001) patches exposed after film deposition. For the full monolayer

coverage of material on Ag(001), the SS intensity should vanish completely as no

bare Ag(001) surface will be present on the sample [123]. Thus, the observation of

non-vanishing SS intensity at 2 ML coverage indicates a lack of complete wetting of
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the substrate surface with 3D islands formation. At 5 ML coverage, the SS disappears

completely suggesting that complete wetting of Ag(001) surface has been achieved.

This was one of the main reason for choosing 5 ML CoO as a nominal coverage for

growth optimization. Fig. 3.6(a)-(b) shows the coverage dependent ARPES spectra

at Γ point of CoO(001) films grown under optimized condition (G3) along with clean

Ag(001) using He Iα and He IIα photon energies, respectively. Upon deposition of 1

ML CoO film, the density of states appears close to the Fermi edge is denoted by ‘A’

[see Fig. 3.6(a)-(b)]. These states were visible up to 5 ML and 2 ML film coverages

for He Iα and He IIα, respectively, due to their different penetration depth. Apart

from these states, the valence band structure of Ag substrate is almost preserved

after deposition of few initial CoO layers, indicating a weak interaction with the CoO

films. For higher coverage, these interfacial states were disappeared, showing the

insulating character of CoO films. Similar density of states near Fermi edge in the

lower film coverage has been observed for NiO/Ag(001) [3–5] and MnO/Ag(001) [6]

systems. Yang et al. [4] concluded that features near EF originate from hybridized

Chapter 3. CoO growth optimization



3.3. Experimental results on CoO/Ag(001) and discussion 70

states between Ag 5s band and the states of Ni 3d and O 2p originating from the

interfacial NiO layer. Cheng et al. [3] observed similar density of states near EF for

2 ML NiO film though no such density of states was observed for 2 ML CoO film in

contradiction to our experimental findings. In case of NiO [5] and MnO [6] growth

on Ag(001), we have also confirmed the presence of hybridized interfacial states for

low coverage films. Here, we have observed similar interfacial features near EF with

maximum intensity at 1 ML film coverage and decreases with further increase in

CoO film coverage as shown in Fig. 3.6(c)-(d). As the features are originating at

the interface between Ag and CoO layers due to the weak hybridization between

the Ag 5s band and the Co 3d and O 2p states, the effective hybridization does not

enhance with increasing film coverage. With further CoO deposition, the interfacial

features attenuated by the CoO overlayer as the photoemission intensity is limited

by the inelastic mean free path (IMFP) of the photoelectrons. Thus, as seen in Fig.

3.6(c)-(d), the intensity of the states near EF decrease with increasing coverages

confirming the interfacial nature of these states. Intensities of the features ‘B’, ‘C’,

and ‘E’ are found to increase with the film coverages indicating their association

with CoO features. The feature ‘D’ appearing near 5 eV is modulated by the intense

Ag 4d bands in the lower film coverages for He Iα, though is more distinctly visible

with He IIα photon energy. The feature ‘E’ observed around 7 eV BE was distinctly

visible after 10 ML film coverage for He Iα while it shows very low intensity with

He IIα. The feature ‘B’ (at 1.7 eV) is assigned to the charge transfer d7L
¯
final state

where L
¯
signifies a hole on a ligand site. The assignment of feature ‘C’ ( at 3.65

eV) is more complex in terms of charge transfer model. Here, we do not observe

any significant dispersions of these features with CoO film coverage. The feature

‘B’ is a general feature of bulk CoO as it has been observed by several groups in

CoO(001) [56, 100, 124] and in CoO(111) [108] as well. The other two features ‘D’

and ‘E’ are assigned to the delocalized O 2p bands. It is clear from Fig. 3.6(a) and

(b) that the electronic structure of the films evolve as a function of the film coverages,
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with the thicker films (>10 ML) behaves like bulk CoO film [108], though we do not

observe significant dispersion of the features with film coverage.

3.4 Introduction to polar cobalt oxide: CoO(111)

Electronic structure of CoO(111) surface has also been a matter of scientific interest

since long time. Nowadays, polar surfaces of metal oxides grab attention in funda-

mental research due to their complex stabilization mechanisms [7] which are far from

being well understood. The polar surface of CoO(111) consist of alternate stacking of

cation (Co2+) and anion (O2−) layers brings a net dipole moment normal to the sur-

face [8] leading to a surface instability. The understanding of stabilization mechanism

of polar surfaces even for the structurally simplest (111) surfaces of rock-salt metal

oxides, still remains a challenge. It is almost impossible to cleave the bulk oxide single

crystals in the (111) direction and it is often problematic to prepare a stoichiometric

and structurally smooth, well-ordered polar oxide surfaces with low defect densities.

From a theoretical perspective, it has been shown that to obtain surface stability,

the polar surfaces goes through different possible processes [9] such as adsorption

of contaminations, hydroxylation, reconstructions, faceting, modification of surface

electronic structure and charged surface nano-defects. The (111) polar surfaces of

several rock-salt oxides, such as NiO, MgO, FeO, and MnO have been intensively

investigated both experimentally and theoretically [9], but a little is known about

polar CoO(111) surfaces. Hassel et al. [10] have grown epitaxial CoO(111) film on

Co(0001) which is terminated by hydroxyl groups. They have explain the stabilization

process by adsorption of OH as a means of surface charge reduction which form a

more stable adsorbate layer by the adsorption of NO molecules on the surface. A

grazing incident X-ray diffraction study [11] describes the stabilization of CoO(111)

surface by a 50 Å thick spinel Co3O4 overlayer on top of the polar surface. Here,

we have grown polar CoO(111) film of different coverages on Ag(111) substrate and
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study their surface structural properties by LEED and characterize the core and

valence band electronic structures using XPS and ARPES techniques, respectively.

For the growth of polar CoO(111) on Ag(111), similar growth procedure has been

followed as CoO(001) on Ag(001) which is already discussed earlier in this chapter.

3.4.1 Surface structure of CoO/Ag(111): LEED study

Surface structure of CoO thin film grown on Ag(111) surface has been investigated by

LEED study. The formation of multi-faceted structure and reconstructed CoO(111)

surface are shown in Fig. 3.7(a)- (f). Different type of faceted LEED pattern are

observed with increasing incident electron beam energy and film coverage. For 2

Figure 3.7: (a)-(c): Low energy electron diffraction(LEED) pattern at 55, 84 and 144 eV
beam energy for 2 ML CoO film, respectively. Fig. (d)-(f): LEED pattern at 55, 84 and
144 eV beam energy for 10 ML CoO film, respectively. In Fig. (a)- (c), three differently
reconstructed LEED pattern of 2 ML CoO films are shown. Here we observe a 12-fold
symmetric LEED pattern for beam energy 55 eV whereas a multi-domain structure is
observed for beam energy 84 eV. The regular hexagonal p(1× 1) pattern has been observed
at 144 eV beam energy. Fig. (d)-(f): The evolution of the faceted patterns with film
coverage is shown for 10 ML coverage.

ML film, a 12-fold symmetric LEED pattern was observed for beam energy 55 eV
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whereas a multi-domain structure was observed for beam energy 84 eV as shown

in Fig. 3.7(a)-(b), respectively. The regular hexagonal p(1×1) pattern has been

observed at 144 eV beam energy in 2 ML film coverage. At 10 ML film coverage,

the 12-fold symmetric LEED spot intensity get enhanced and starts appearing a

faint stripe-like faceted pattern connecting each spots [see Fig. 3.7(d)]. At higher

beam energy, the stripes are prominently visible (84 eV) with the regular hexagonal

LEED p(1×1) pattern (144 eV). Upon increasing coverage, the electrostatic potential

developed in the film due to the increasing non-zero dipole moment of CoO(111)

surface, resulting in the formation of these stripe-like faceted LEED patterns to

obtain surface stability. Recently, the stabilization of polar CoO(111) surface grown

on Ir(100) has been explained by the termination of thin slab of wurtzite-type CoO

with a (
√

3 ×
√

3)R30◦ surface reconstruction [125]. Here, we have also observed

a multi-domain reconstruction in the LEED for low film coverage. However, the

surface is stabilized by the formation of high intensity stripe-like faceted structure

over the LEED superstructure for the higher film coverage.

3.4.2 Core-level and valence band electronic structure of polar

CoO(111)

The core level electronic structure was probed by monochromatic Al Kα X-ray

photons of 1486.6 eV energy. The Co 2p and O 1s spectra of three different film

coverages are shown in Fig. 3.8(a)-(b). Co 2p core level spectra shows Co 2p3/2 and

Co 2p1/2 peaks at 780.3 and 796.2 eV with two corresponding shake-up satellites (S)

at 786.5 and 803 eV binding energy, respectively. The shake-up satellite peaks are

the characteristic feature of stoichiometric CoO. Fig. 3.8(b) shows the O 1s core

level spectra for the different film coverages of CoO. All these peak features and the

peak positions are well matching with the non polar CoO(001) film, which has been
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Figure 3.8: XPS core levels of (a) Co 2p (b) O 1s for different CoO film coverages.

discussed in detail in the previous section, suggesting the CoO stoichiometry of the

film.

Fig. 3.9 shows the valence band ARPES spectra of bare Ag(111) along with

different CoO film coverages at Γ point. In the ARPES spectra of clean Ag(111)

surface, a Shockley type surface state (SS) [126] of Ag appears (feature A), near the

Fermi level. Upon deposition of 1 ML CoO, the SS was still present in the spectra,

but with a reduced intensity. The presence of the SS even after deposition of 1 ML

CoO film indicates that the film does not completely wet the Ag(111) substrate, so

the SS feature is appearing from the bare Ag(111) region. The SS peak vanishes for

5 ML coverage suggesting that the film has covered the entire surface. As the film

coverage increases, the contribution from the Ag(111) substrate decrease and only the

CoO electronic states dominate the spectrum. The feature B about 1.5 eV binding

energy is assigned to be d7L
¯
, where L

¯
stands for ligand hole states. The features

C, D, E in the 4-7 eV binding energy range are mainly oxygen 2p states with some

admixture of Co 3d band. We do not observe any significant dispersions of these

states with the film coverages. The feature E around 7.2 eV is absent for the case of
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Figure 3.9: ARPES spectra of different CoO film coverage.

non-polar CoO(001) [see Fig. 3.6(b)] which could be due to the redistribution of the

surface electronic structure due to the polar surface of CoO(111). Possible changes of

electronic structure for the polar surface is already theoretically predicted [9]. Further,

for the detailed understanding of the facet structures, microscopic experiments are

necessary and is beyond the scope of the thesis.

3.5 Summary

In this chapter, growth, and characterization of CoO films on Ag(001) and Ag(111)

substrates have been studied in detail. The combined core level and valence elec-

tronic structure study reveal the non-stoichiometric features under different growth

conditions of CoO on Ag(001). The well-ordered stoichiometric growth of CoO has

been observed at 473 K substrate temperature and 1×10−6 mbar oxygen background

pressure. The pseudomorphic growth in the initial few layers followed by the gradual

strain relaxation close to the bulk lattice was confirmed by the coverage dependent

LEED study. The appearance of mosaic structure within 5-10 ML coverage range
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was explained by means of tilted growth of mosaic grain along the glide plane due

to the buried misfit dislocation network at the interface. The Tamm-like surface

state of Ag(001) depicts the quasi-2D growth of CoO in the low film coverage. The

coverage dependent evolution of valence electronic structure of the optimized CoO

film was investigated by ARPES. The interfacial state which is visible up to 5 ML

film coverage originates due to the hybridization between Ag 5s band and the Co

3d and O 2p states. These interfacial states were observed in the stoichiometric

CoO films grown at the optimized condition suggesting an intrinsic origin. This

seems a general feature of transition metal monoxides as it has been observed in NiO,

MnO, and CoO as well. With increasing coverage, these interfacial states gradually

disappear and mostly non-dispersive CoO bands appear in both He Iα and He IIα

spectra.

The polar CoO has also grown on Ag(111) and probed the surface structure by

LEED. Evolution of the faceted and multi-domain surface structure with incident

beam energy and film coverage has been investigated. Although there are many

processes involved to stabilize the polar surface, for CoO(111) we find that it is

stabilized by the formation of stripe-like faceted structure in the higher film coverages.

Redistribution of the electronic density of states also realized from the photoemission

spectra of polar CoO. The core level and valence band electronic structures are the

average information obtained by summing over contributions from these different

facets. Further, we show that core level binding energies do not get affected by the

formation of facet structures which is confirmed by XPS studies.
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Growth and coverage dependent electronic
structure of MgO on Ag(001)

4.1 Introduction

The field of simple metal oxides has grabbed the attention of many researchers due

to their versatile technological applications as well as for the basic understanding

of the oxide-metal interfaces [127–130]. Especially, metal-supported ultrathin oxide

films have been extensively used in various fields such as catalysis, spintronics or

nanoelectronics [131,132]. It is well-known that physical properties of the correlated

oxide systems are determined by a few fundamental quantities. The on-site Coulomb

interaction U is one of the most important quantities, related to the correlated motion

of electrons between the open transition metal (TM) 3d shell and the corresponding

multiplet structure. The charge transfer energy (∆) is another important quantity

defined as the energy required to transfer an electron from the O 2p to the TM 3d

orbitals [30]. The values of U and ∆ relative to the bandwidth defines the nature,

and magnitude of the conductivity gap. Modifications of these values can give rise to

remarkable changes in the properties of these materials, like changes in the magnitude

The work presented in this chapter has been published in Surface Science, 677, 60-67

(2018).
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of the conductivity gap and strength of the various exchange and superexchange

interactions [31, 58]. In general, the variation in the strength of these exchange

interactions leads to changes in the transition temperatures of various phase transition

phenomena. The most convenient way to change these basic electronic structure

parameters U and ∆ is by growing a few layers of oxide on a metal substrate or as

an oxide/metal multilayers [32–34]. In order to avoid the complexity of correlation

effects in 3d TM oxides, MgO was chosen due to its closed-shell electronic structure

over TM oxides. Moreover, MgO has a similar crystal structure and lattice parameter

compared to some TM oxides and may serve as a model system to investigate the

changes in their basic electronic structure parameters. Further, MgO is used as a

substrate for the growth of many TM oxide films and will be important to understand

the substrate electronic structure.

The MgO/Ag(001) is an important model system to study the metal-oxide

interfaces as they have a small lattice mismatch and grows in a layer-by-layer fashion

up to several monolayers (MLs) [35]. Despite the extensive use, understanding of

the electronic structure and properties of MgO is still far from satisfactory as the

use of electron spectroscopic techniques are hindered due to the charging effects for

its insulating nature. Though there are several structural studies performed on this

system in the literature, detailed study of the interfacial and coverage dependent

electronic band structure are still limited [36–38]. The growth of a well-ordered

unreconstructed MgO(001) surface on Ag(001) is challenging even though they have

a small lattice mismatch (∼3%) between them. There are several reports where

thin films of MgO have been grown on different substrates by reactive deposition of

Mg in oxygen environment [35,133–135]. Wollschlager et al. [35] have grown MgO

film on Ag(001) by reactive deposition of Mg in presence of oxygen atmosphere and

they have observed the growth of mosaic-like structure by spot-profile analysis low

energy electron diffraction (SPA-LEED). The growth of monolayer MgO on Ag(001)

forms the corrugated islands which have transformed into extended flat terraces upon
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controlling the thermodynamic constraints by post-growth treatments [136]. The

generation of characteristic oxygen vacancies and nonstoichiometric MgO on Ag(001)

has been investigated by Peterka et al. [137] using XPS and electron energy loss

spectroscopy (EELS). Moreover, the image charge screening and charge fluctuations at

the oxide-metal interface have been extensively studied by different groups [32,33,138].

Altieri et al. [33] have demonstrated that the Coulomb and charge transfer energies in

MgO layers deposited on highly polarizable Ag(001) substrate are reduced significantly

from their bulk values. This efficient image potential screening provides a new way

to alter different properties and transition temperatures of correlated oxide thin

films [29].

4.2 Experimental details

All the experiments were performed in a standard ultra-high vacuum spectrometer

having base pressure better than 8×10−11 mbar. Mechanically polished Ag(001)

substrate has been cleaned by the repeated cycles of Ar+ ion sputtering (600 eV, 1

µA, 1×10−6 mbar) and annealing to 823 K. The well-ordered crystalline quality and

the cleanliness of the Ag(001) surface were confirmed by LEED and XPS, respectively.

Metallic Mg was evaporated from a homemade resistive evaporator with a deposition

rate of 0.3 ML/min as monitored by the quartz crystal thickness monitor. During

Mg deposition, 1× 10−7 mbar oxygen background pressure was maintained in the

preparation chamber for simultaneous oxidation and the substrate was kept at 473 K.

A K-type thermocouple connected to the substrate was used to measure the sample

temperature. In order to improve the crystalline quality, post-growth annealing was

performed at 673 K with the same oxygen background pressure for 15 min. After

completion of growth, the sample was transferred to the 4 grid LEED apparatus within

the preparation chamber where a high sensitivity 12-bit Peltier cooled CCD camera

was used to collect the LEED images. The sample was further transferred to the
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analysis chamber for photoelectron spectroscopic measurements. The spectroscopic

measurements were performed using a VG SCIENTA-R4000WAL electron energy

analyzer. We used Al Kα monochromatic X-ray source to excite the photoelectrons

from sample surface for XPS measurements while monochromatized He Iα (21.2 eV)

and He IIα (40.8 eV) resonance lines were used for ARPES measurements [88]. All

the XPS and ARPES measurements were performed at RT with total experimental

energy resolutions better than 0.6 eV and 0.1 eV, respectively, including the thermal

broadening near the Fermi energy.

4.3 Experimental results and discussion

4.3.1 Low energy electron diffraction study

After completion of growth, the samples were cooled down to RT and transferred to

LEED set up for investigating the crystalline quality as well as the crystallographic

symmetry directions from the LEED pattern. Fig. 4.1(a)-(d) represents the coverage

dependent LEED patterns for 1-20 ML MgO films at 55 eV primary electron beam

energy. For the lower film coverage regime (1 - 5 ML) [see Fig. 4.1(a) and (b)], MgO

grows almost with the same lattice parameter of Ag accommodating the interfacial

lattice strain. The observation of sharp p(1× 1) LEED spots with low background

intensity is an indication of the atomically clean well-ordered MgO(001) surface.

As the film coverage increases further, the spots get broader with an enhanced

background intensity as shown in Fig. 4.1(c) and (d). Inset of each LEED images

shows the zoomed-in view of the (1,0) spot to clearly visualize the weak intensity

features around the spots. In Fig. 4.1(e), the average radial intensity profiles of

LEED spots has been plotted for different film coverage. The radial profile plot of

the LEED spots shows how the intensity decreases radially with increasing distance

from the centre of the spot. The sharpness of the radial profile plot provides the

qualitative information about the structure of the film. The best quality film with
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Figure 4.1: LEED patterns of different MgO film coverages. (a)-(b) In the lower coverage
regime 1-5 ML, a sharp LEED spot with very faint mosaic structure are shown. (c) The
high-intensity fourfold mosaic structure was observed at 10 ML film coverage. (d) At 20
ML, mosaic structure disappears and a high-intensity background around each LEED spot
was observed. (e) The average radial intensity profile of LEED spots for different film
coverages.

the highest atomic order should show the steepest curve and with smallest full width

at half maximum (FWHM) of the spots. The overall quality of the spots is almost

same up to 10 ML film coverage as the radial profiles are closely lying to each other

maintaining almost the same FWHM. However, the intensity profile of 20 ML film is

found to be decaying much slower than others as the surface crystalline quality of

the film degrades with increasing coverage and as a consequence, the spots become

broader with enhanced background intensity. This weak intensity variation around

the main spot [see the inset of Fig. 4.1(d)] is a clear indication of the increased defect

density in the film. The 10 ML film [see Fig. 4.1(c)] shows a clear mosaic structure

in the LEED pattern. The lattice mismatch produces a strain at the film-substrate
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Figure 4.2: The schematic of the mosaic structure formation by the misfit dislocations at
the film-substrate interface.

interface for the pseudomorphic growth. Thus, misfit dislocations are introduced at

the interface to relax the strained structure and to minimize the surface energy [139].

In MgO films, misfit dislocations with (110) glide planes are known to develop for

film coverages larger than 1-2 ML resulting in mosaic structure formations [140]. A

faint mosaic structure starts appearing at 5 ML film and it is prominent at ∼10

ML film coverage [see the inset of Fig. 4.1(b) and (c)]. For higher film coverages,

mosaics are expected to decrease due to the strain relaxation. No mosaic structure

was observed at 20 ML while a high-intensity background around each LEED spot

[inset of Fig. 4.1(d)] was observed as mentioned before. Earlier studies reveal that

mosaics appear at the closure of the first layer and finished after a coverage of 7 ML

of MgO on Ag(001) [35,140]. On the contrary, we have observed the most intense

mosaics at 10 ML coverage which is quite similar to the report of Dynna et al. [141]

on MgO/Fe(001) system where they have shown that mosaics started to grow at

a critical coverage of 8 ML at RT. In Fig. 4.2, a model for the mosaic formation

due to misfit dislocations at the interface is presented schematically [35, 140, 142].

The fourfold satellite spots around each LEED spot, as observed in the 10 ML film,

appear due to this tilted mosaic structure at the interface. The other possibility

could be the edge dislocations due to the misfit at the interface if the Burger vector
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has a component along the out-of-plane of the interface [143]. The misfit dislocations

can be created only after a critical coverage as only then the film relax and release

the required energy for the formation of dislocations [144]. Thus, the strain-layer

epitaxy is possible up to a critical coverage, at which point the overlayer relaxes

either by agglomeration, misfit dislocations or both. The expected critical coverage

is typically ∼8 to 15 Å for a ∼3% mismatch [145]. So the ∼3% lattice misfit of

MgO/Ag(001) interface would correspond to a critical coverage of 4-8 ML of MgO.

Hence, the observed mosaic structure for 5-10 ML MgO coverage is consistent with

the model as described above.

4.3.2 Core level electronic structure

Fig. 4.3(a)-(b) shows the Mg 1s and 2p core levels for different coverages of MgO.

In case of the bulk single crystal of MgO, electron spectroscopic measurements are

hindered due to the charging effects. In our study, to rule out the issue of charging

effect in the film, we have varied the incident X-ray intensity by changing the X-ray

source power and have monitored the core level peak position. No core level peak

shifts were observed with intensity variation indicating the absence of the charging

effects, as expected due to the proximity to the metallic Ag(001) substrate. The zero

of the binding energy scale was fixed at the Fermi level of a cleaned polycrystalline

Ag foil. Fig. 4.3(a) shows the Mg 1s spectra for several film coverages. Here, as the

coverage decreases the core level shifts towards lower binding energy scale, about 0.2

eV, 0.7 eV and 1.1 eV for the 10 ML, 5 ML and 1 ML films, respectively, relative to

the 20 ML film, considering the 20 ML MgO film as the bulk. Similar behavior is

also observed for Mg 2p core level spectra [see Fig. 4.3(b)] as the core level shifts

towards lower binding as a function of decreasing film coverages. The Mg 2p core

level also shifts by 0.3 eV, 0.9 eV and 1.5 eV for the 10 ML, 5 ML and 1 ML films,

respectively, w.r.t 20 ML MgO film. In Fig. 4.3(c), we show the coverage dependence
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Figure 4.3: (a) Mg 1s core levels of the 10 ML, 5 ML and 1 ML film shift towards the
lower binding energy by 0.2 eV, 0.7 eV and 1.1 eV respectively, w.r.t the 20 ML film. (b)
Mg 2p core level shifts by 0.3 eV, 0.9 eV and 1.5 eV for the 10 ML, 5 ML and 1 ML films,
respectively, w.r.t the 20 ML MgO film. (c) Mg KL23L23 Auger spectra of MgO(001)
films on Ag(001). With 1S to 1D multiplet splitting of the Mg 2p4 Auger final state being
constant for all coverages, a rigid shift of 0.7 eV, 1.7 eV, and 2.9 eV w.r.t the 20 ML MgO
is observed for the 10 ML, 5 ML, and 1 ML films, respectively. (d) O 1s core levels of the
10 ML, 5 ML, and 1 ML film shift towards lower binding energy by 0.3 eV, 0.8 eV, and 1.5
eV respectively, w.r.t the 20 ML film.

of the Mg KL23L23 Auger transition. Relative to the 20 ML MgO, a shift of 0.7 eV,

1.7 eV and 2.9 eV was observed for the 10 ML, 5 ML and 1 ML films, respectively.

These shifts are more than those for Mg 1s and Mg 2p while, the 1S to 1D multiplet

splitting in the Mg 2p4 Auger final state (5.2 eV) is found to be a constant for all
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coverages, as expected. O 1s spectra [Fig. 4.3(d)] also displays large core level shifts

towards lower binding energy scale as a function of decreasing film coverage. The

O 1s shifts by 0.3 eV, 0.8 eV, and 1.5 eV for the 10 ML, 5 ML, and 1 ML films,

respectively, w.r.t 20 ML film.

The binding energy shifts of the core levels with film coverage for MgO/Ag(001)

system has been extensively studied by Altieri et al. [33]. C. J. Nelin et al. have

also observed similar surface core level shift of 30 ML MgO film on Mo(100) by

grazing angle XPS measurement [146]. Moreover, they have explained the pronounced

decrease of line widths of MgO ionizations with decreasing MgO films thickness using

cluster model calculations [147]. By accounting the effect of image charge screening,

they have successfully explained these core level shifts. Using the approach suggested

by Altieri et al. [33], we have found that Coulomb (U) and charge-transfer (∆)

energies in 1 ML MgO film are reduced by as much as 1 eV and 1.4 eV, respectively,

w.r.t 20 ML MgO film. Yang et al. [34] have also demonstrated that U and ∆

in correlated oxide layers deposited on a highly polarizable metallic substrate are

reduced significantly from their bulk values. These results indicate the large reduction

of U and ∆ values due to the image potential screening but also there is a significant

countering effect associated with the appreciable loss of polarization energy by the

oxides itself due to the finite size effect near the interface.

4.3.3 Valence band electronic structure

In Fig. 4.4, the ARPES band dispersion (left panel) and their second derivatives

(right panel) along the Γ − X symmetry direction of the SBZ are shown for four

different MgO(001) film coverages, together with that of the clean Ag(001) substrate.

The second derivative of the ARPES data, extracted following Zhang et al. [148],

provides a better way of visualizing the weakly dispersive features. All the data were

taken at RT using He IIα (40.8 eV) photons up to 10 eV binding energy below the
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Fermi level (EF ). The valence band of Ag(001) primarily consists of the high-intensity

feature of Ag 4d within the binding energy range of 4-7 eV and the Ag 5sp band

approaching the EF [see Fig. 4.4(a) and (b)]. Upon deposition of 1 ML MgO film,
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Figure 4.4: The band dispersions of Ag(001) and MgO/Ag along the Γ−X symmetry
direction using He IIα. The band dispersions and the respective 2nd derivative of the
band dispersions of Ag(001), 1 ML, 2 ML, 5 ML and 10 ML MgO are shown in (a)-(b),
(c)-(d), (e)-(f), (g)-(h), (i)-(j), respectively. Different bands are shown using arrows only to
guide the eyes. The calculated band dispersions [149] are traced by brown dotted curves to
compare with 10 ML MgO band dispersions as shown in (j).

the intensity of the Ag 5sp band is reduced significantly relative to the bare Ag(001)

[see Fig. 4.4(c) and (d)]. In the second derivative data, a non-dispersive flat feature

is visible just below the EF [see Fig. 4.4(d) and (f)], which is an artifact resulting
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from the second derivative process due to the drastic changes in the photoemission

intensity at the Fermi edge. At 1 ML, several MgO derived bands appear at 2.7 eV,

3.5 eV, 4.25 eV, 7.1 eV, and 8.15 eV below EF as shown in Fig. 4.4(d) by arrows. The

band dispersion at 4.25 eV and 8.2 eV are found to be consistent with the reported

theoretical band structure for the 1 ML buckled MgO layer [149]. Though the direct

comparison with the calculated band dispersions is difficult due to the different Fermi

energy consideration in the calculation [149]. Two non-dispersive weak intensity

bands at 2.7 eV and 3.5 eV and a dispersive band at 4.25 eV about Γ point has been

observed for 1 ML coverage. These two non-dispersive bands disappear at 2 ML

coverage. The dispersive band at 4.25 eV is also not prominently visible in 2 ML

which could further support the origin of these bands due to the formation of the

buckled layer for the 1 ML case. A more detailed calculation is needed for further

understanding of the valence electronic structure of monolayer MgO film. At 2 ML,

two highly dispersive bands appear at 4.6 eV and 8.9 eV as shown by arrows [see Fig.

4.4(f)]. With further increase in coverage, highly dispersive MgO derived bands are

gradually shifted to higher binding energies relative to 1 ML film. Here the bands

at 4.25 eV and 8.15 eV in 1 ML film are gradually pushed below with increasing

coverage and they appear at 5 eV and 8.9 eV in 10 ML film, respectively. However,

the band about k|| = −2 Å−1 [ near the Γ point of 2nd SBZ] was fixed at 4 eV from

5 ML film coverage onwards. With further increasing coverage (20 ML) no further

band shifts were observed (not shown). In Fig. 4.5, the ARPES band dispersion (left

panel) and their second derivatives (right panel) along the Γ−M symmetry direction

are shown for the same four MgO coverages, besides the clean Ag(001) substrate.

MgO derived bands along Γ−M direction for 1 ML coverage can be identified at

2.75 eV, 4.25 eV, 7.1 eV and 7.3 eV binding energies [see Fig. 4.5(c) and (d)]. The

band at 2.75 eV close to the M point is not visible for 2 ML coverage while a similar

band is observed at 3.9 eV binding energy as the valence band maxima (k|| = −1.85

Å−1) of the 5 ML film. The other MgO derived bands observed for 1 ML are also
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Figure 4.5: The band dispersions of Ag(001) and MgO/Ag along Γ − M symmetry
direction using He IIα. The band dispersions and the respective 2nd derivative of the
band dispersions of Ag(001), 1 ML, 2 ML, 5 ML and 10 ML MgO are shown in (a)-(b),
(c)-(d), (e)-(f), (g)-(h), (i)-(j), respectively. Different bands are shown using arrows only to
guide the eyes. The calculated band dispersions [149] are traced by brown dotted curves to
compare with 10 ML MgO band dispersions as shown in (j).

found to be pushed down with increasing coverage as they are observed at 4.9 eV,

8.5 eV, and 8.8 eV in 10 ML film, respectively. However, the valence band maxima

remain fixed at 3.9 eV with increasing coverage suggesting the formation of the bulk

band gap of MgO film, though we measure only the gap below EF .

The experimental band dispersions of 10 ML MgO film in both the symmetry

directions are compared with the bulk electronic band structure obtained by DFT-
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PBE [149]. The band at 5 eV matches well with the calculated band dispersion, a

direct comparison of which is shown in Fig. 4.4(j) where the lines are taken from

Shayeganfar et al. [149]. The highly dispersive band at 8.9 eV near X point [Fig.

4.4(j)] approaching the calculated band dispersion [149]. The band dispersions along

Γ−M direction also matches quite well with the calculated band dispersions [149],

a direct comparison of which is shown in Fig. 4.5(j). The band at 4.9 eV and 7.5

eV matches accurately with the DFT-PBE results [149]. However, a few calculated

bands are found to be absent in our experimental data as well, possibly due to the

reduced photoemission cross sections of these energy bands for the used photon

energy (40.8 eV).

It is reported in the literature that the energy band gap of 1 ML thick MgO

adjacent to the metallic substrate is same as that of the bulk MgO surface [150].

However, we have observed a few MgO derived band due to the strong O 2p-Ag

5sp hybridization within 4 eV binding energy for the 1 ML coverage leading to the

reduction of the insulating gap in proximity to Ag(001). These hybridized bands

start disappearing at 2 ML coverage resulting in shifting the valence band maxima

to 3.9 eV for higher coverages. Thus, similar to the core levels, the O 2p dominated

MgO valence bands are also found to be gradually shifted to the higher binding

energies with increasing coverage up to 10 ML. With further increase in coverage,

the bands remain almost at the same binding energy positions as observed in 20

ML coverage (not shown). For instance, the band at 8.15 eV in 1 ML near X

point is shifted by 0.75 eV to the higher binding energy going from 1 ML to 10

ML. However, the valence band maxima remain fixed at 3.9 eV binding energy for

coverages above 5 ML, maintaining the band gap of bulk MgO. Using layer-resolved

differential conductance measurements, it has been shown that the bulk band gap of

6 eV is formed even at 3 ML film of MgO [151] which is consistent with our results.

Similar binding energy shifts have also been suggested from the angle-integrated

ultraviolet photoemission spectra (UPS) of the MgO films grown on Ag(001) using a
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deconvolution procedure [150]. This band shifting could be explained by the image

charge screening of a hole created by photoionization in the vicinity of Ag(001). As

suggested by Altieri et al. [33], we have also observed that the effects of image charge

screening due to the presence of oxide/metal interface are observable to coverages as

high as 10 ML. Creation of a hole by the photoionization process leads to a relaxation

of the other electrons to lower energy states to screen this hole. The creation of

positive charge by photoionization is also accompanied by the simultaneous creation

of a negative image charge in the metal which is in the proximity to the insulating

layer [33, 138]. Using the classical image potential model for 1 ML MgO system,

Kiguchi et al. [150] had shown Eimage = 3.6 eV with a loss of polarization energy

∆Epol = 3 eV for going from the bulk to the monolayer, leaving a net gain of relaxation

energy by 0.6 eV. Therefore, the observed binding energy shift (∼ 0.75 eV) of the

MgO valence band is close to the image charge results. The differences between the

observed shift and the calculated energy difference could be due to the neglect of

factors such as the dipole-dipole interaction and the expected deviations from the

classical 1/r dependence of the image potential in the model [33].

In Fig. 4.6(a) and (b), we show the ARPES energy distribution curves (EDC) at

Γ of various MgO film coverages along with the clean Ag(001) using He Iα and He

IIα photons, respectively. Upon deposition of 1 ML MgO on Ag(001), there appears

finite density of states as the valence band edge of 1 ML MgO/Ag(001) within 0- 4

eV binding energy range for both He Iα and He IIα. This valence band edge is shifted

towards Fermi level relative to the Ag(001) valence band edge. With increasing

MgO coverage, these states gradually disappear and the valence band edge is again

shifted towards higher binding energy position at Γ due to image charge screening

as explained above. This valence band shift with MgO film coverage is related to

the change in work function (φ) of MgO/Ag system. In fact, it has been already

estimated by UPS measurement that work function φ = 3.05 ± 0.05 eV for 2-5 ML

MgO and φ = 3.30 ± 0.05 eV for 8-12 ML MgO on Ag(001) [152].
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Figure 4.6: The coverage dependent angle-resolved energy distribution curves (EDC) at
Γ point of MgO(001) films with clean Ag(001) spectra using (a) He Iα and (b) He IIα
photon energies. The features within 0-4 eV binding energy are clearly shown using (c) He
Iα and (d) He IIα.

The states that appear at the interface of MgO/Ag between the Fermi level and 4

eV binding energy [see Fig. 4.6(c) and (d)] are mainly due to the interaction of O 2p

with Ag 4d and Ag 5sp. The hybridization between Ag 4d and O 2p of MgO is not

strong enough as one can expect for degenerate binding energy [36]. The features

below 4 eV binding energy possesses a strong O 2p character which is extended

towards Fermi level due to the strong hybridization with the wide Ag 5sp band. The

enhancement of density of state of monolayer MgO film over a clean Ag(001) in

the proximity of Fermi level was already confirmed by Butti et al. [37] using DOS

calculations. In our case, with further increasing coverage, these states disappear

resulting in a valence band gap about 3.9 eV from the Fermi level. From 5 ML

onwards, no bands or any density of states were observed between 0-4 eV binding

energy range. In the binding energy range of 4-10 eV, bulk-like MgO valence band is

found with two O 2p peaks [labeled by P1 and P2 in Fig. 4.6(a)-(b)] separated by

3.3 eV are consistent with the literature [152].
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4.4 Summary

Growth and coverage dependent electronic structure of MgO on Ag(001) has been

investigated by means of LEED and photoemission spectroscopic studies. The

appearance of the mosaic structure in LEED within 5-10 ML film coverage has been

explained by the fact that the required energy for misfit dislocations will release only

after a certain coverage by relaxing the strain of the film. The core level XPS peak

shift with film coverage illustrates the change in on-site Coulomb (U) and charge

transfer (∆) energies of MgO layers deposited on highly polarizable Ag(001) substrate.

The valence band electronic structure has been probed by ARPES using He Iα and

He IIα photon energies. For the low coverage films, the presence of O 2p-Ag 5sp

hybridized bands near the Fermi level reduced the MgO bulk band gap substantially

as a result of the finite size effects in the proximity to the metallic substrate. As the

coverage increases, few bands pushed below, towards higher binding energy up to 10

ML film coverage. However, from film coverages 5 ML onwards, the valence band

maxima remain at the same binding energy position resulting in the bulk MgO band

gap. This valence band shifting has been explained by the image charge screening

effect in the oxide-metal interface. The band dispersions are in good agreement

with the theoretical bulk band dispersions for the 10 ML film, however, a rigorous

calculation is necessary to understand the monolayered MgO band structure properly.

In the higher film coverage, the features near the Fermi level disappear and mainly

the bulk sensitive MgO bands were observed from 4 eV below the Fermi level in both

the symmetry directions.
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Electronic structure and surface
antiferromagnetism of CoO/Ag(001)

5.1 Introduction

Electronic structure of transition metal monoxides like NiO, CoO has been a major

topic of interest in condensed matter physics since last few decades [153–157]. This

field grabbed more attention after the discovery of the cuprate superconductors

where the electronic correlations were also found to be very important [12]. There

are several interesting aspects of the electronic structure of TM monoxides such as

electron correlation effects, antiferromagnetic (AF) order and translational symmetry

boosted researchers to explore the field of TM oxides further. The correlation effects

due to the strong Coulomb interactions are well-known in transition metal monoxides.

The electron correlation causes the breakdown of the one electron picture of these

materials which led to the famous Mott-Hubbard picture of insulators [13]. NiO

and CoO are well-known antiferromagnetic insulators below their Néel temperatures

(TN) at 523 K and 291 K, respectively. The AF order in these oxides also an

important correlation phenomenon need to be considered in the band structure

description [14]. The translational crystal symmetry also plays an important role to

describe the electronic structure of the crystalline materials. Among these aspects,
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the correlation effects are the extensively discussed and controversial issue [14,53–55].

In the Mott-Hubbard picture, due to the strong Coulomb interaction between the

3d electrons leads to an energy gap of several eVs between the filled and empty

states in the 3d band. A combination of Becke’s three-parameter exchange functional

and the Lee-Yang-Parr correlation functional (B3LYP) calculations [15] predict the

insulating character of CoO correctly in the antiferromagnetically ordered phase

with a gap of 3.5 eV, although this gap is larger than the gap of 2.5 eV, estimated

by the combined study of XPS, bremsstrahlung isochromat spectroscopy (BIS),

and X-ray-absorption spectroscopy (XAS) [16]. Oguchi et al. [55] performed self-

consistent augmented spherical-wave band calculations which included a treatment

of exchange and correlation within a local-spin-density formalism. Their results

show that the band structure is strongly dependent upon the magnetic ordering

and, in particular, that CoO is an insulator with the antiferromagnetic ordering

along [111] direction, as observed experimentally [18]. Their calculations also predict

the possibility of having an insulating state due to the population imbalance in

the minority-spin t2g band induced by the intra-atomic exchange interaction. On

the other hand, the bulk magnetism of many binary (NiO, CoO, MnO) or complex

oxides (Cr2O3, Mn3O4, BaTiO3, etc.) are well understood but little is known about

their surface magnetic properties even for the simple binary oxides in the reduced

dimension. The possible reason could be the lack of availability of high-quality oxide

surfaces to obtain reproducible results and difficulties in the electron spectroscopic

measurements due to the insulating nature of most of the bulk oxides [158, 159].

Another issue is that cleaved surface of oxides single crystals is often with poor

crystalline quality consisting of high terrace densities. Generally, by the growth of

ultrathin film, we can overcome these issues as well as we can expect the possibility

of new electronic and magnetic properties of the film due to confinement in a

thin layer. Thus, it is interesting to study the growth, electronic structure, and

magnetism of the CoO ultrathin film. Magnetic oxides (MO; M = Ni, Co, Fe,
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Mn) in the rock-salt structure are well-known antiferromagnetic insulators and the

antiferromagnetic superexchange mechanism occurs through the M-O-M network.

The bulk antiferromagnetic properties of TM oxides were studied using magnetic

neutron diffraction, X-ray magnetic scattering, different magnetometries such as

SQUID, VSM and other X-ray spectroscopies such as X-ray absorption/emission

spectroscopies etc. by several groups of researchers [18, 160–163]. However, there are

very few techniques such as spin-polarized scanning tunneling microscopy (SP-STM),

X-ray magnetic linear dichroism-photoemission electron microscopy (XMLD-PEEM)

etc. [20–22] available to probe the antiferromagnetism of these oxides in the ultrathin

film regime. Recently, Batanouny et al. [164] have used metastable helium ion

scattering techniques to the NiO(001) and CoO(001) surface to find out the surface

antiferromagnetic structure. Long time back, Palmberg et al. [23] had first used

LEED as a technique to detect surface antiferromagnetism of NiO(100). They have

observed half-order spot with a (2×1) translation symmetry produced by exchange

scattered low energy electrons below the Néel temperature ensuring the presence of

antiferromagnetic ordering at the surface of the crystal. They have also mentioned,

as the exchange interaction is much smaller than the Coulomb interactions, the

intensity of these spots will be very small (2-6% of the integer spot). In recent

times, our group is using this technique extensively for different antiferromagnetic

systems like NiO thin films [22, 24], flat monolayer Cr film [25, 26, 142], etc. as a

probe of surface antiferromagnetism. It is not only a new technique for probing

antiferromagnetic structure but also the most direct means for studying the role

of exchange in electron scattering. The half-order magnetic spots are detectable

even in the ultrathin submonolayer regime as LEED is a surface sensitive technique.

The intensities of the half-order magnetic spots produced by the interaction of the

incident beam with the spin system are dependent on the spin ordering of the film.

The measurement of the temperature dependence of the magnetic spot intensities

will give rise to the various information about the surface spin ordering, in-plane
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and out-of-plane exchange parameters [27] as well as the Néel temperature of the

surface/ultrathin films [26, 27]. Near the critical temperature (TC), by fitting the

experimental temperature dependence of the square root of half-order intensity

variation data with the universal power law of the sublattice magnetization, MS(T)

∼ (1-T/TC)β gives information about the critical exponent of the magnetization

(β) [28]. Although there are many physical and technological importance of CoO

thin films, only a few studies [69, 165–167] emphasized on the surface magnetism

and the coverage dependent evolution of magnetic properties. Evidence of short-

range magnetic ordering above the Néel temperature is controversially described in

the literature [18,56,168]. We probe the surface antiferromagnetic ordering of the

ultrathin CoO(001) film using LEED and it is probably the first experimental report,

where we observed the evidence of antiferromagnetism in the ultrathin film (down

to 0.2 ML) region. Evolution of the surface antiferromagnetic Néel temperature is

studied with film coverage as well as with different substrates. In our experiment,

the observation of higher Néel temperature relative to its bulk value even in the case

of 2 ML CoO on Ag(001) cannot be explained by considering only the superexchange

interactions, even though the bulk antiferromagnetism is well understood in terms

of the superexchange interactions. We have introduced image charge screening

effects [29] along with the superexchange interaction and finite size effects to explain

the observed Néel temperature variation.

5.2 Coverage dependence of core level electronic structure

Evolution of core level electronic structure with film coverage has been investigated

in this section. Fig. 5.1(a)-(c) shows the XPS core level spectra of Co 2p, O 1s and

Ag 3d, respectively. In Fig. 5.1(a), we show the Co 2p core level spectra for different

film coverage of CoO(001) grown on Ag(001). The Co 2p main peaks and their

shake-up satellites are almost in the same binding energy for all the film coverages.
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Figure 5.1: (a) Co 2p core level of CoO film for various film coverage. The satellite peaks
were observed at 6.3 eV higher binding energy than the main peaks of Co 2p. (b) O 1s
core level for different film coverage. (c) Ag 3d for different film coverage.

However, there is a significant difference in the spectral features for the low coverage

(1-2 ML) films. The presence of relatively low intense shake-up satellites is due to

the less number of nearest neighbours in the reduced dimension. The satellites are

prominently visible from 5 ML onwards about 6.3 eV higher binding energies with

respect to the main peaks which is close to the reported single crystal value [56].

Due to the significant admixture of oxygen orbitals, Co 2p core level photoexcitation

has both 2p53d7 and 2p53d8L
¯
final states where L

¯
represents a hole in the O 2p band.

The lower binding energy Co 2p3/2,1/2 peaks are associated with 2p53d8L
¯
state and

the higher binding energy charge transfer shake-up satellites with the 2p53d7 state.
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The O 1s peak was observed about 529.9 eV almost for all the film coverage as shown

in Fig. 5.1(b). However, it is well-known from the previous studies that the lattice

O 1s binding energy position for transition metal monoxides is relatively insensitive

to changes in near-surface stoichiometry [169]. The intensity of Ag 3d peak [see Fig.

5.1(c)] decreases with the increasing film coverage, while the intensity of Co 2p and

O 1s increases progressively with increasing film coverage, is consistent with the

quasi-2D growth as investigated earlier using the surface sensitivity of the Tamm

surface state of Ag(001) in chapter 3. With increasing CoO film coverage, Ag 3d

peak does not shift in energy position indicating that there is no alloying between

Co and Ag at the interface.

5.3 Valence band structure of CoO/Ag(001)

5.3.1 Earlier works

There are many theories developed to explain the insulating nature of CoO as the

single band theory cannot explain it completely. The exact origin, nature, and

size of the insulating gap of CoO have been a subject of debate since last few

decades, among the researchers [55,170,171]. Despite its successes, density functional

theory (DFT) in the framework of local density approximation (LDA) and the

generalized gradient approximation (GGA) is inapplicable to the strongly correlated

system like CoO. DFT predicts that CoO to be antiferromagnetic but metallic. The

inappropriate treatment of exchange interaction in these approximations leads to this

incorrect prediction. The screened exchange local density approximation (sX-LDA)

can successfully predict the electronic properties of CoO with overall similar or greater

accuracy than the other hybrid functional theories. In a local spin density treatment

of exchange and correlation, the long-range magnetic order in CoO is responsible for

the gap as demonstrated by Terakura et al. [55] who found a metallic system for the

paramagnetic phase. Although it has been generally thought that electron-electron
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correlation effects are of central importance in explaining the electronic structure

of these materials, there has been controversy concerning not only the magnitude

of the Coulomb interaction but, also more fundamentally, whether the insulating

gap is of cation 3d → cation 3d or of anion 2p → cation 3d character [14, 172].

According to the relative amplitude of the four parameters namely, the d-d Mott-

Hubbard repulsion (U), the ligand-metal charge transfer energy (∆), the TM 3d

bandwidth (w), and the ligand 2p bandwidth (W), the 3d TM compounds can be

classified within a phase diagram, the Zaanen-Sawatzky-Allen, ZSA, diagram [52],

where the charge transfer (CT) insulators, Mott-Hubbard insulators, and the metallic

compounds are properly classified. In the ZSA diagram, CoO [16] and MnO [173]

placed in the intermediate region between charge transfer (∆ < U) and Mott-

Hubbard (∆ > U) insulators as the U and ∆ charge fluctuation energies being close

to each other. Calculations of the energy-band structure of rocksalt transition metal

monoxides have been performed in the framework of two seemingly contradictory

approaches: a one-electron energy band [153, 174] and a more localized electron

picture including the configuration interactions (CI) between hybridized 3d and

ligand orbitals [52]. Both approaches seem to provide results that are consistent

with several experimental observations. Despite the success of one electron spin-

polarized energy band calculations in describing the electronic structure of magnetic

3d metal monoxides [55], as a whole, they do not reproduce the band gap values

and underestimate the values of local magnetic moments. Although the local spin

density approximation (LSDA) reproduces the ground-state magnetic structure of

NiO-MnO series, it predicts CoO and FeO to be metals, while they are the insulator

with well-established correlation gaps. So, it is evident that one electron band

theory is not suitable for strongly correlated materials. A fundamentally different

view of the electronic structure of 3d TM monoxides based on highly localized

electron behavior has been made by the cluster method initiated by several groups

of researchers [16, 175–178]. For CoO, the CI cluster calculation by van Elp and
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co-workers [16] suggests that the CoO band gap is of an intermediate character,

between Mott-Hubbard type and charge transfer type with the value of U and

∆ are 5.3 eV and 5.5 eV (U∼ ∆), respectively. Recently, the variational cluster

approximation is applied to the calculation of the single-particle spectral function

of the 3d TM oxides MnO, CoO, and NiO which are in good agreement with the

available ARPES data [179]. Moreover, the indication of ‘Coulomb generated’ band

structure claims that it would be a promising tool for the study of realistic models of

strongly correlated systems. Despite the advancement of band structure calculation

techniques, the controversy regarding the correlation between electronic structure

and antiferromagnetic ordering of the insulating 3d TM oxides through the Néel

temperature is still unresolved [55, 56, 168]. The spin-polarized band structure

calculation [171] leads to an insulating gap of CoO in contrast to a standard band

structure calculation. Terakura and co-workers [55] have mentioned that band

structure is very sensitive to the magnetic order as it is related to the narrowing

the insulating band gap of NiO. The band structure calculation based on coherent

potential approximation [180] show that the insulating gap persists even in the

complete disordering of the magnetic moments in MnO whereas the calculated gap

closes for such disordered moments in NiO. The photoemission spectra were taken

with different photon energies at antiferromagnetic (AFM) and paramagnetic (PM)

phases of CoO were found to be identical as reported by Shen et al. [56]. This has

been explained by the fact that even in the paramagnetic phase, local spin order still

exists within certain domains such that they look like same as the antiferromagnetic

phase when probed by photoemission spectroscopy as it is a spin insensitive local

probe technique. The evidence of short-range magnetic order above TN has been

observed in photoelectron diffraction of Mn compounds [181, 182]. Recently, our

ARPES study on MnO during PM to AFM transition reveals the valence band

narrowing along with the widening of the energy gap by 0.2 eV [6]. However, the

situation is different for CoO as there is no such gap opening upon PM to AFM
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transition though there is a magnetic backbending corresponds to the local magnetic

order as reported by Shen et al. [56, 57]. On the contrary, a recent angle-resolved

Auger-photoelectron coincidence spectroscopy (AR-APECS) study on CoO reveals the

collapse of the short-range magnetic order above the Nèel temperature [168]. There

are several theoretical studies available where the two-dimensional (2D) energy band

dispersion for PM [183] and AF-II [184–186] phases of CoO are being investigated.

The experimental energy-band mapping of CoO(001) surface is poorly studied in

the literature. In this section, I have tried to address these issues. We have grown

high-quality CoO(001) film on Ag(001) and performed ARPES measurements both

in the PM and AF-II phase of CoO and found there is good agreement with the

theoretically predicted density of states (DOS) by Nekrasov et al. [183]. We have

observed good agreements of our 2D experimental band mapping to the theoretically

calculated energy band dispersions as well.

5.3.2 ARPES studies: 20 ML CoO/Ag(001)

ARPES is a well-established experimental technique to study the bulk energy band

dispersions for metal and semiconductors. However, the angle-resolved studies on

strongly correlated transition metal oxides are quite challenging due to its broad and

complex valence band dispersions, especially in the insulating single crystal surfaces.

We have undertaken a detailed band structure mapping of CoO films of various

coverages starting from monolayer to the bulk-like 20 ML CoO towards two different

crystallographic symmetry directions. The symmetry directions of fcc bulk Brillouin

zone (BBZ) and the corresponding surface Brillouin zone (SBZ) are shown in Fig.

5.2. The surface crystallographic symmetry directions were determined from the

LEED image of CoO(001) surface and hence the corresponding symmetry directions

of bulk CoO can also be obtained from the Fig. 5.2. Fig. 5.3(a) and (b) show the

valence band structure of 20 ML CoO film along Γ̄-X̄ direction of the CoO(001) SBZ

Chapter 5. Electronic structure and surface antiferromagnetism



5.3. Valence band structure of CoO/Ag(001) 102

 Appendix: Surface Brillouin Zones __________________________________________________________________________614

Surface Brillouin Zones for fcc

W

XK

X

L

U

W

[01]
[11]

X

M

[001]

X

Y
S

S

S

[110]

L

L
L

K
X

K

X
W W

WW

L

W
X

K
U

U

U W

X

L

K

W

W

W

KMM
KM

K

[111]

[110]

[112]

[010]

[100]

[001]

[110]

(001) (110) (111)

H

P

H
H

P
N

N

N
H

MX

M
X

M

H
P P

H

N
H

P

N P
H

P

P

NH H

PNP

P

N HH

P N

N

P

H H
N

P
H

MK
M

Surface Brillouin Zones for bcc

(001) (110) (111)

Figure 5.2: Surface Brillouin Zone (SBZ) of the fcc(001) crystal plane projected from the
fcc Bulk Brillouin Zone (BBZ). The figure is taken from the Ref. [187].

using He Iα (~ν = 21.2 eV) and, He IIα (~ν = 40.8 eV) photon energies, respectively.

The corresponding second derivative images helped us to clearly identify the band

dispersion curves as shown in Fig. 5.3(d) and (e). The band dispersion along Γ̄-M̄

direction of the CoO(001) SBZ and the corresponding second derivative are shown

in Fig. 5.3(c) and (f), respectively. The ARPES data of 20 ML CoO on Ag(001)

is expected to be bulk-like due to the limited mean free path of photoelectrons.

Moreover, it is also consistent with the fact that the finite-size effects will be minimal

and will be more like the surface of the bulk CoO. Fig. 5.4(a) shows the theoretical

band structure of bulk CoO along [001] direction [183]. By varying the parallel

momentum (K||) along the Γ̄-M̄ direction of the CoO(001) SBZ, we mapped out

the electronic states along the Γ-∆-X symmetry direction of the BBZ. Similarly,

the Γ̄-X̄ direction in SBZ corresponds to the Γ-Λ-L direction in BBZ of CoO [see

Fig. 5.2]. The O 2p band dispersion within -4 to -7 eV binding energy along Γ̄-X̄

direction [Fig. 5.3(d)] is matching well with the theoretical band dispersion along
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Figure 5.3: (a)-(b) ARPES data for 20 ML CoO/Ag(001) along Γ̄-X̄ direction of the
CoO(001) SBZ using He Iα, He IIα and (c) along Γ̄-M̄ direction using He IIα. (d)-(f) are
the 2nd derivatives of (a)-(c), respectively. The weakly intense bands are traced by the red
circles to guide the eyes in (d) and (e).

Γ-L direction [Fig. 5.4(a)]. Similarly, the Co 3d band at -1.8 eV with a strong

dispersion about Γ [Fig. 5.3(e)] is also consistent with the weak intensity calculated

band dispersion. The O 2p derived bands along Γ̄-M̄ direction [see Fig.5.3(f)] are

weak and difficult to compare with the calculated band structure [Fig. 5.4(a)] of

bulk CoO along Γ-X direction. Despite these matching, there are also a few bands

in our ARPES data which are absent in the calculated band structure and vice

versa possibly due to the reduced photoemission cross sections of these energy bands

for the used photon energies. Further, the calculated surface band structure (blue

lines) with the projected bulk band structure (gray shaded areas) of CoO(001) is
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Figure 5.4: (a) Calculated bulk band structure of paramagnetic CoO using LDA′+DMFT.
(c) The partial and total density of states (DOS) for CoO(001). The data are taken from
Nekrasov et al. [183]. (b) Calculated surface band structures of the antiferromagnetic
CoO(001) using DFT+U, data is taken from Schrön et al. [188].

taken from the Ref. [188] [Fig. 5.4(b)] for direct comparison with our ARPES data.

The band dispersion about -1.8 and -3.5 eV matches well with the projected bulk

band structure (gray shaded areas) along Γ̄-X̄ direction [Fig. 5.4(b)]. However, the

complete description of surface band structure requires an exact slab calculation as

each CoO(001) layers are contributing separately in the surface band structure. The

calculated density of states (DOS) [183] show the lower Hubbard band which consists

of respective Co-3d t2g and eg contributions at -2.5 eV and -1.8 eV, respectively [see

Fig. 5.4(c)]. The O 2p states are located between -4 eV to -9 eV which has been

observed in our experimental band dispersion as well. The O 2p states at -1.5 eV

together with Co-3d eg states form the so-called Zhang-Race band. This is a bound

state that appears when a strongly interacting band is hybridized with the charge
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reservoir. If we look at the experimental band dispersion, the low intense band at

-2.5 eV is almost non-dispersive [traced by red circles in Fig. 5.3(d) and (e)], however,

the band at -1.8 eV has a significant dispersion at Γ̄ point. Another Co-3d t2g derived

band at -3.8 eV [see Fig. 5.3(e)] is absent in the calculated 2D band structure [183].

The valence band XPS study by K.S. Kim [189] reveals the presence of a state at

-3.8 eV which may be the same feature as observed in our ARPES results. Previous

studies [190] suggested that CoO exhibit a gap between t2g and eg states which is

about 1-1.5 eV whereas our experimental data shows relative dispersion between t2g

and eg varies within ∼ 0.7-2.2 eV [Fig. 5.3(d) and (e)]. This dispersion was observed

due to the hybridization between Co 3d eg and O 2p, as O 2p is well dispersed.

Further, the dependency of photoemission cross-section on the band intensities is

clearly visible from our experimental band dispersion shown in Fig. 5.3 as the O

2p bands are distinctly visible when probed by He Iα while Co 3d bands are clearly

visible with the He IIα photon energy. The overall band dispersions about Γ point

of SBZ for both He Iα and He IIα photon energies are in good agreement with the

theoretically predicted band dispersion.

5.3.3 ARPES: Coverage dependence

The valence band electronic structure of CoO film with different coverages on Ag(001)

are shown in Fig. 5.5, where He IIα was used as excitation energy. For better

visualization of dispersive features of the bands, corresponding second derivative

ARPES data are presented in Fig. 5.6. The sp band of Ag(001) has lower intensity

relative to the d bands which enable the Co 3d bands to be easily detectable from

the very initial stages of CoO film growth. However, the O 2p bands are not clearly

distinguishable before 5 ML coverage due to the overlapping with high-intensity

Ag 4d bands. From 5 ML onwards, the contribution of buried Ag decreases and

mostly the CoO(001) bands are visible. In case of 1 ML CoO, the maximum of the
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Figure 5.5: Coverage dependent ARPES data around Γ point using He IIα as an excitation
energy. All the data are taken at RT.

valence band is located at -1.1 eV [see Fig. 5.6(b)] and with increasing coverage, this

feature disappears from 5 ML onwards. So, it is indicative that with increasing film

coverage, the film is getting more insulating as the density of states decreases near

the Fermi level. At 1 ML coverage, two almost non-dispersive band appears at -1.8

eV and -3 eV, with increasing coverage a relative dispersion has been observed about

Γ point [see Fig. 5.6(b)-(d)]. Upon increasing coverage, the band at -1.8 eV remains

almost non-dispersive, however, the band at -3 eV disappears and a highly dispersive

band [see Fig. 5.6(d)] evolves from 5 ML onwards. The relative dispersion results

in a gap of ∼ 1.6 eV between these two bands at Γ point. From 5 ML coverage

onwards, almost non-dispersive O 2p bands are weakly visible within -4 eV to -7 eV

binding energy about the Γ point [see Fig. 5.6(d)-(f)]. In the low coverage (1-2 ML),
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Figure 5.6: The 2nd derivative of ARPES data around Γ point using He IIα for the
different coverages of CoO(001) films taken at RT. The 2nd derivatives of the ARPES band
dispersions were obtained following Zhang et al. [148].

the band/states that appear at -1.1 eV and -3 eV and disappears upon increasing

coverage. These states arise due to the interfacial effects which have been already

discussed in Chapter 3. From 5 ML onwards, the ARPES band dispersions are quite

similar to the previously discussed bulk CoO band structure [183].

5.4 Surface antiferromagnetism of CoO/Ag(001)

The bulk CoO has rock-salt structure with a lattice parameter of 4.26 Å is a

well-studied antiferromagnet with a Néel temperature (TN) of 291 K [191]. The

bulk antiferromagnetic properties of CoO were studied using magnetic neutron

diffraction, X-ray absorption spectroscopy(XAS), magnetic X-ray dichroism (MXD)
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by several groups of researchers [17,18,162,192,193]. However, there are very few

reports available on the surface antiferromagnetism of CoO in reduced dimension

[165, 167, 168]. Palmberg et al. [23] first observed the antiferromagnetism of NiO

single crystal by exchange scattering in low energy electron diffraction experiment.

The appearance of additional magnetic half-order spots below the Néel temperature

due to the exchange scattering of the incoming electron to the atomic electron ensures

the presence of antiferromagnetic ordering on the crystal surfaces. It was not only

a new method for probing the magnetic structure but also the most direct means

for studying the role of exchange in electron scattering. The half-integer magnetic

spots are detectable even in the ultrathin submonolayer regime as the low energy

electron diffraction is a surface sensitive technique. The intensities of the half-ordered

magnetic spots produced by the interaction of the incident beam with the spin system

are dependent on the spin ordering of the film. The measurement of the temperature

dependence of the magnetic spot intensities will provide information on the surface

spin dynamics of the system. This is the first report on the investigation of surface

antiferromagnetism of CoO(001) film by means of exchange scattered half-ordered

LEED spots to the best of our knowledge. The dependence of the antiferromagnetic

ordering temperature (TN) of CoO on the film coverage is investigated using the

temperature dependence of the half-order spot intensities. Upon cooling down the

well-ordered p(1×1) CoO(001) film keeping under LEED, there appear few extra

spots midway position between the (0,0) spot and p(1×1) spots and these spots are

only visible in the low electron beam energy(15 -40 eV). These spots are known as

half-order spots and usually defined as a p(2×1) twin-domain structure, similar to

the NiO [23] and MnO [6]. Fig. 5.7(a) shows the LEED image of clean Ag(001)

surface at 22 eV beam energy. We do not observe any spot in the LEED screen as

the first order diffraction spots are out of the field-of-view due to the low energy of

electron beam. Upon deposition of 0.5 ML CoO, the half-order spots appear below

a certain temperature [see Fig. 5.7(b)]. The evolution of half-order spot intensity
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Figure 5.7: LEED images for different film coverages, taken at 22 eV electron beam
energy and at 150 K (a) Clean Ag(001) substrate (b) 0.5 ML CoO (c) 1 ML CoO (d) 2 ML
CoO (e) 5 ML CoO (f) 20 ML CoO. The half-order spot positions [in (c)] and the p(1×1)
unit cell shown by the dotted line square [in (f)]. The integer order spots are outside the
field-of-view of the LEED screen, while the tails of the peaks can be observed as marked
and indexed as in (f).

with film coverage at 150 K are shown in Fig. 5.7(b)-(f). All the LEED images

were taken at 22 eV electron beam energy to get the maximum intensity of these

exchange scattered spots. We have observed these spots starting from submonolayer

(0.5 ML) to almost bulk [20 ML] film coverage. The intensity of the half-order spots

enhanced with increasing film coverage up to 2 ML, beyond this coverage the spots

became broad and diffused. The intensity of these half-order spots are related to the

surface magnetic ordering and as the coverage increases, the surface structural quality

as well as the magnetic ordering deteriorates. The appearance of the half-order

spots can be explained by the magnetic unit cell structure of CoO, similar to the

case of NiO [23]. Schematic diagram of the CoO magnetic unit cell is shown in the

Fig. 5.8(a), where we have only shown the spin arrangement of Co2+ ions in the

CoO unit cell. The moment of each Co2+ ions are aligned in a way such that the
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Figure 5.8: Schematic diagram of the spin arrangements of Co2+ ions in CoO. The O2−

ions are not shown here. In each (111) planes, magnetic moments are ferromagnetically
aligned parallel to the plane and the consecutive (111) planes are antiferromagnetically
aligned. The red and black arrow represents the spin directions between two consecutive
(111) planes. (b) The real space spin arrangements of Co2+ ions in the CoO(001) surface.
Here the red and black dots represent the spin up and spin down Co2+ ions, respectively.
The rectangle in (b) represents the (2 ×1) magnetic unit cell. The figures are adopted from
the Ref. [23] and redrawn.

spin arrangement of each (111) plane are parallel within the plane and antiparallel

between the adjacent planes. The red and black arrow indicates the spin directions of

two adjacent (111) ferromagnetic sheet aligned antiferromagnetically. The real space

spin arrangement of CoO (001) plane is shown in Fig. 5.8(b) which has a p(2×1)

translational symmetry relative to the chemical unit cell. Thus, the p(2×1) magnetic

unit cell will give rise to a p(2×1) magnetic twin domain pattern in the LEED

image. Due to the square symmetry of the CoO(001) surface, twin domains appear

in LEED at the right angle to each other. The origin of this type of twin domains

(half-order) can be either magnetic or structural. If the appearance of these spots

is due to structural origin, then one can expect the intensity of these spots should
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Figure 5.9: Half-order spot of 2 ML CoO taken at 150 K with (a) 22 eV and (b) 35 eV
beam energy. (c) The intensity variation of the half-order spot with incident electron beam
energy. At 22 eV incident beam energy, the half-order spot shows maximum intensity.

be comparable with the integer order spots and the intensity should not change

significantly with temperature apart from the thermal effects given by Debye-Waller

factor [194]. But our experimental findings rule out the possibility of structural

origin as the spots disappear when the temperature of the film is raised above the

critical temperature and reappeared on cooling below the critical temperature. For

the incident beam energy range of 15-40 eV and well below the critical temperature,

the intensity of the half-order spot was 2-3% of the integer spot intensity which

is similar to the cases of NiO [23] and MnO [6]. Moreover, the intensity variation

curve (I-V) of the half-ordered spots with incident electron beam energy persists only

below 45 eV [see Fig. 5.9(c)] as the cross-section of exchange scattering decreases

with increasing electron beam energy [23]. The weak intensity of the half-order spots

resulting in a poor statistics for the measured I-V curve shown in Fig. 5.9(c). The

intensity of the half-order spot is maximum at 22 eV beam energy [see Fig. 5.9(a)]

and decreases with increasing electron beam energy [see Fig. 5.9(b)]. It is clear from
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the Fig. 5.9(c) that the maximum spot intensity is observed at 22 eV beam energy

with a secondary maxima at 28 eV. So the visibility of these spots only in the lower

energy range (<45 eV) having low intensity (2-3%) in comparison with the integer

order spots with the typical temperature dependence of the spot intensity confirms

their antiferromagnetic origin.

The temperature dependent intensity profile of the exchanged scattered magnetic

half-order spots has been used to study the antiferromagnetic properties of the film.

In order to estimate the antiferromagnetic ordering temperature of CoO, the variation

of background subtracted half-order spot intensity with temperature has been plotted

for the different film coverage of CoO [see Fig. 5.10(a)]. The ordering temperature
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Figure 5.10: (a) The background subtracted half-order (1
2 , 0) LEED spot intensity

variation with film coverage. The integer order (1,0) spot intensity variation is also shown
to discriminate the origin of half-integer order and integer order spots. The surface Nèel
temperatures for different film coverages are shown by arrows. (b) The surface Nèel
temperature was estimated from the half-order intensity versus temperature curve. The
point of discontinuity of the slope of the polynomial fitted curve has been taken as surface
Nèel temperature.

has been estimated from the discontinuity of the slope of the polynomial fitted curve

[see Fig. 5.10(b)] [195]. Since the nature of the temperature dependence curves of all

the four half-order spots (0,±1
2), (±1

2 , 0) are identical, one can use any one of it to
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elucidate the antiferromagnetism of CoO. In order to distinguish the origin of integer

and half-integer order spots, we have plotted integer order spot (1,0) intensity along

with the (1
2 , 0) spot intensities with temperature. Half-order spot intensities decrease

with increasing temperature and eventually vanishes above the ordering temperature

while the (1,0) spot intensity does not change significantly. A small decrease in the

intensity of the (1,0) spot was observed due to the thermally scattered electrons in

the higher temperature range [Debye-Waller factor]. The antiferromagnetic surface

ordering temperature increases with increasing film coverage and saturated after 5

ML coverage [Fig. 5.11(b)]. We observe that the surface ordering temperature is

saturated at 316 K for 20 ML CoO film which is about 25 K higher than the bulk

antiferromagnetic Néel temperature [291 K]. Antiferromagnetism of bulk CoO is well

understood in terms of superexchange interaction between Co 3d and O 2p. Néel

temperature depends on the Co 3d-O 2p hybridization. But the observed effects in

our experiment, cannot be explained solely by superexchange interaction. In order

to explain our observation one has to incorporate the finite size effect, the in-plane

lattice strain along with image charge screening effects due to the highly polarizable

Ag(001) substrate as well. As Ag has ∼4% smaller lattice parameter than CoO,

the film is subjected to in-plane compressive stress which results in the increase

of Co 3d-O 2p hybridization due to the enhanced overlap between these orbitals

from the reduced lattice parameter. This enhanced hybridization strengthens the

Co 3d-O 2p superexchange interaction and as a consequence the Néel temperature

increases. But as the film coverage increases, the surface strain relaxes [see Fig.

5.11(a)] and the superexchange strength decreases which leads to a lowering in Néel

temperature. However, our experimental results show just the opposite effect [see

Fig. 5.11(b)], where the TN increases with the film coverage and finally saturates.

This increase in TN can be explained by the combined effect of the interfacial lattice

strain and the change of surface coordination number with film coverage. Although,

the superexchange interaction enhanced due to the in-plane compressive lattice
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Figure 5.11: (a) The variation of in-plane lattice parameter is shown as a function of
film coverage. The lattice parameters of bare Ag(001) and bulk CoO are also shown by
the dotted lines as references. (b) The evolution of surface Nèel temperature with film
coverage.

strain it again reduces due to the least number of nearest neighbors (finite size

effects) in the lower film coverage regime. After the initial pseudomorphic growth,

gradual strain relaxations is started from 2 ML onwards and reaches close to the

bulk CoO lattice parameter at 20 ML [see Fig. 5.11(a)]. However, if we look at

the Néel temperature variation with film coverage [see Fig. 5.11(b)], it is already

saturated at 5 ML, whereas the strain is just started to relax. After 5 ML coverage,

no changes in the Néel temperature were observed with further strain relaxations as

the surface coordination number (finite size effects) is almost saturated which leads

to the saturation of the Néel temperature. From the Fig. 5.11(b), it is clear that

the Néel temperature of 20 ML is 316 K which is about 25 K higher than the bulk

value (291 K) of CoO. Interestingly, even for 2 ML of CoO, TN is higher than bulk

value which can be explain by the enhancement of superexchange interaction due

to the in-plane compressive strain. But for 20 ML film coverage, the enhancement

of Néel temperature beyond the bulk TN value, despite the near absence of strain

effects and finite size effects is still a matter of discussion. This can be elucidate
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by taking into account of the image charge screening due to the proximity to the

highly polarizable Ag(001) substrate [33]. According to Altieri et al. [29], in the close

proximity of the strongly polarizable Ag(001), the superexchange interaction of CoO

and the corresponding antiferromagnetic ordering temperature can be substantially

amplified by reducing the energies of underlying virtual charge excitations as a result

of image charge screening. The effects of underlying substrate on Néel temperature

were further studied using less polarizable MgO as substrate. In the next chapter, I

will discuss about these aspects of the CoO film grown on MgO film supported by

Ag(001) substrate.

5.4.1 Antiferromagnetism vs. Paramagnetism: Band structure

perspective

In this section, I will discuss how the valence electronic structure modified upon the

change of magnetic ordering of the CoO(001) film. From LEED study, we have already

shown that long-range magnetic order exhibits half-order spots in antiferromagnetic

phase below the surface Nèel temperature of CoO(001). Fig 5.12(a)-(b), shows

explicitly the appearance of magnetic half-order spots at 123 K which disappears upon

annealing above the Nèel temperature. Now it is interesting to explore how the surface

electronic structure modifies through this antiferromagnetic (AFM) to paramagnetic

(PM) transition. Fig. 5.12(c) shows the valence band electronic structure of 5 ML

CoO grown on Ag(001) for both the paramagnetic and antiferromagnetic phases.

The different features are labeled by ‘a’, ‘b’, ‘c’, and ‘d’, respectively, which are

controversially discussed in the literature. But calculations on the basis of ligand

field theory combined with the model cluster approach [16] can explain the observed

experimental features quite well. Photoemission ground state of Co2+ in CoO has
4T1g symmetry with an electronic configuration [(t2g ↑↑↑)(eg ↑↑)(t2g ↓↓). The first

electron removal state of CoO is 3T1g, an intermediate spin character. The interatomic
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Figure 5.12: (a)-(b) LEED images at 22 eV beam energy for the antiferromagnetic and
paramagnetic phases of CoO. (c) ARPES spectra of 5 ML CoO film at Γ using He IIα
(40.8 eV) photon energy in PM and AFM phase. The enlarged view of the spectra near the
Fermi level is shown in the inset.

transition of d electrons between two Co sites can involve the excitation of spin up

eg electrons into spin down t2g states. Transition probability for such processes is

expected to be weak at high primary energy, even if they are antiferromagnetically

coupled. The transition of spin down electrons from t2g states of a Co ion to the spin

down empty t2g states of adjacent Co ions resulting in the next ionization 5T2g state.

The third ionization state is of 3T2g character. The first two ionization states have

considerable d7L
¯
character [16]. The feature ‘a’ in Fig. 5.12(c) mainly corresponds to

the 5T2g state, while other two relatively less intense states are observed within about

0.5 eV at higher ( 3T2g) and lower 3T1g binding energy. The feature ‘a’ associated with
5T2g state is more resolved with slightly higher intensity in AFM phase suggesting the

t2g band narrowing which is crucial for the insulating nature of CoO. The features

‘b’ and ‘d’ are the O 2p derived states consists of π emission about 4 eV and a σ

contribution at 6.2 eV, respectively, are consistent with the reported data [100]. The
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feature ‘c’ appears mainly due to the Ag 4d band buried under 5 ML CoO with a

contribution of O 2p bands. The band edge near Fermi level for AFM phase is slightly

shifted towards higher binding energy than the PM phase as shown in the inset of

Fig. 5.12(c). This is a clear indication that the AFM phase of CoO is more insulating

relative to the PM phase, and in the AFM phase, 5T2g states is sharper than the PM

phase. The observation of band narrowing and the sharper 5T2g state in the AFM

phase is consistent with the theoretical prediction of Terakura et al. [55]. However,

no major changes in the spectral features between AFM and PM phase were observed.

The most probable reason could be the presence of short-range antiferromagnetic

ordering in CoO even above the Nèel temperature as explained by Shen et al. [56].

The presence of short-range antiferromagnetic ordering above TN in bulk CoO is

already confirmed by neutron diffraction experiments [18, 196, 197]. We obtain an

almost similar valence band electronic structure in both AFM and PM phase of CoO

due to the existence of the short-range magnetic correlations whose length scales are

larger than the photoemission correlation lengths. However, the LEED coherence

lengths are much larger (few hundred Angstroms) and are able to detect the AFM to

PM transitions as a function of temperature. Further studies are required to confirm

this hypothesis as well as to understand the nature of these short-range correlations.

5.5 Summary

In summary, detailed coverage dependent study of the electronic structure of CoO(001)

film on Ag(001) has been investigated using XPS and ARPES techniques. Coverage

dependent valence electronic structure reveals the appearance of almost nondispersive

band from the very initial CoO film coverage. As the coverage increases, a relative

dispersion has been observed about the Γ point. At 20 ML coverage, the band

dispersion is almost bulk-like and quite similar to the calculated bulk band structure.

We have used LEED as a technique for probing surface antiferromagnetism of
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CoO(001) film grown on Ag(001) and have shown that the antiferromagnetic ordering

temperature can be estimated from the temperature dependence of the half-order

magnetic LEED spot intensity. The half-order spots have been observed in LEED

due to the low energy exchange-scattered electrons from CoO(001) surface with

the periodicity of the CoO magnetic unit cell, for the first time from the CoO(001)

surface. The presence of weak intensity exchange-scattered half-order spot below

the critical temperature in the low electron beam energy (<40 eV) with a reversible

temperature dependency of the half-order spots, confirms its antiferromagnetic origin.

Variation of the surface Nèel temperature with film coverage has been discussed. The

higher value of the observed surface Nèel temperature of CoO(001) than the bulk

CoO Nèel temperature has also been discussed by means of image charge screening

effect. The effect of antiferromagnetic ordering in the electronic structure has been

illustrated using the ARPES spectra of CoO(001) for both AFM and PM phases.

The observed band narrowing effects and the sharper 5T2g state in the AFM phase is

consistent with the theoretical prediction. Though we do not observe a significant

change in the valence band structure through the AFM to PM phase transition of

CoO due to the existence of the short-range antiferromagnetic correlations even in

the PM phase.
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Surface antiferromagnetism of
CoO/MgO(001)

6.1 Introduction

Magnetism of transition metal oxides is one of the central issues in condensed matter

physics due to the spectacular magnetic and electrical properties making them

promising for the field of nanoscience technology applications. The reduction of

magnetic critical/ordering temperatures due to the finite size effects shrinks the field

of applications of these materials. There are a few techniques available to overcome

these issues such as the use of chemical doping, high pressure, and strain [66–68].

The reduction of magnetic transition temperature is well understood in terms of

finite size scaling for ferromagnetic materials in low dimensions [62–64]. However,

the observations of enhanced Nèel temperature of metal supported antiferromagnetic

oxides in reduced dimensions cannot be explained only by considering the finite

size effects [29, 65]. In order to explain this, the image charge screening has been

introduced by Altieri et al. [29]. The insulating oxide materials in the close proximity

to strongly polarizable medium results in the reduction of energies of the underlying

virtual charge excitations [33,34,198]. As a consequence, the relevant exchange and

superexchange interactions, and thus the related magnetic transition temperature can

be substantially amplified. The exact dependence of charge excitations energies to

119
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the superexchange interaction can be found from the well-known extended Anderson

expression of superexchange coupling constant J [52,60], J = −2t4
∆2 ( 1

∆ + 1
U

), where

t is the anion 2p-cation 3d transfer integral, ∆ the 2p-3d charge transfer energy,

and U is the on-site 3d Coulomb potential. So, the superexchange interaction J,

and consequently TN can be enhanced by increasing the transfer integral t and/or

decreasing U and ∆. The image charge screening could result in a 50% reduction

of U and ∆ values for NiO on Ag [33]. This large screening causes a substantial

enhancement of J and TN in NiO/Ag. Moreover, the change in the on-site Coulomb

(U) and charge transfer (∆) energies of insulating oxides in close proximity to the

polarizable medium can vary depending upon the dielectric polarizability of the

medium. Thus, the enhancement of transition temperature can also be varied by the

appropriate choice of polarizable medium up to some extent. Apart from the image

charge screening, conventional methods like high pressure, compressive lattice strain

can also reduce the interatomic spacing and thus lead to enhanced superexchange

interactions and the TN in many transition metal oxides [66–68]. However, the effects

of modified superexchange transfer integral t on J and TN in NiO/Ag and NiO/MgO

films are negligible as shown by Altieri et al. [29].

In order to explore the concept of image charge screening, CoO film was grown on

Ag(001) and MgO/Ag(001) and the corresponding Nèel temperatures were estimated

using exchange scattered half-order LEED spots as described in the previous chapter.

Enhancement of CoO/Ag(001) Nèel temperature over the bulk values has been

explained by the underlying virtual charge excitations due to the image charge

screening. In this chapter, I have introduced less polarizable MgO films of different

coverage as a spacer layer between CoO and Ag(001). CoO films on Ag(001) and

MgO(001) are ideal model systems to study this because CoO can grow epitaxially

on both Ag(001) and MgO(001) due to the small lattice mismatch and they have

well-characterized growth properties [199–203]. By introducing MgO as a substrate,

lattice strain of CoO can reduce substantially as bulk CoO [4.26 Å] and MgO [4.21
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Å] has smaller lattice misfit relative to the Ag(001) [4.08 Å]. However, it has been

experimentally shown that for CoO film on MgO, uniaxial lattice strain up to 2% has

negligible effects on TN [69]. This shows that TN enhancement based on the increase

of superexchange transfer integral t is hardly affected by the substrate-induced strain.

6.2 Evolution of half-order spots: Film and substrate

coverage dependence

Antiferromagnetism of CoO films on Ag(001) has been successfully described using

exchange scattered low energy electrons (magnetic half-order LEED spots) in the

previous chapter. Coverage dependent magnetic properties of these films were also

studied using LEED and photoemission techniques. However, the effects of underlying

substrate on the magnetic properties are yet to be explored. Different coverages ofMagnetism of CoO/MgO(001) 
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0 ML  0.5 ML  1 ML 

2 ML  5 ML    10 ML 

Half order spots of CoO films grown on 10 ML MgO/Ag(001). All the 
LEED images were taken at 22 eV and well below TN (150 K)

(a) (b) (c) 

(d) (e) (f) 

Half-order spot 

Figure 6.1: Coverage dependent evolution of half-order LEED spots of CoO on 10 ML
MgO/Ag(001). All the images were collected at 22 eV beam energy and at 123 K.

MgO layers were grown on Ag(001) to investigate the substrate induced magnetic

properties of CoO films. Growth details and characterization of MgO films are

already discussed in chapter 4. Fig. 6.1 show the LEED images of different CoO film
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coverages grown on 10 ML MgO/Ag(001). All the images are taken at 22 eV primary

electron beam energy and at 123 K, well below the Nèel temperature of the films. It

is interesting to note that half-order spots are visible even at submonolayer regime

(0.5 ML) and the intensity of these spots increases with film coverage. However, the

spots get broader for the higher film coverages due to the reduced surface crystalline

quality. In order to investigate the evolution of the half-order LEED spots as a

Ag(001) 1 ML MgO/Ag(001)
2 ML CoO grown on 
different substrates

5 ML MgO/Ag(001)           10 ML MgO/Ag(001)

(a) (b)

(c) (d)

Figure 6.2: Half-order LEED spots at 22 eV of 2 ML CoO grown on different substrates;
(a) Ag(001) (b) 1ML MgO/Ag(001) (c) 5 ML MgO/Ag(001) and (d) 10 ML MgO/Ag(001).

function of substrate coverage, experiments were performed for 2 ML CoO film with

varying the coverage of the underlying MgO layers. This is because 2 ML CoO

has the maximum half-order intensity. Fig. 6.2 shows the half-order spots of 2

ML CoO grown on Ag(001) and three different MgO substrates. The most intense,

well-ordered spots were observed on Ag(001) and as the MgO spacer layer coverage

increases, the quality of the half-order spot degrades. CoO grows pseudomorphically

on Ag(001) in the initial stages, however, upon insertion of MgO layers, the film

relaxes by the formation of dislocations network after a certain coverage as discussed

previously. The misfit-dislocations results in a mosaic structure in LEED pattern as
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well as degrade the surface crystalline quality as observed in half-order spots of 2

ML CoO grown on 5 ML and 10 ML MgO [see Fig. 6.2(c)-(d)].

6.2.1 Nèel temperature variations with CoO and MgO coverage

Temperature dependent half-order LEED images were collected at 22 eV beam energy

within the temperature range of 123 K to 343 K. Background subtracted half-order

spot intensities were plotted with temperature to estimate the Nèel temperature

of different CoO films, similar to the CoO/Ag(001) system. Fig. 6.3(a) shows the

temperature variations of half-order (1/2,0) spot intensities for different CoO film

coverages on 10 ML MgO/Ag(001). The intensity variation of the specular beam

(0,0) of 2 ML CoO film is also shown to differentiate the nature of magnetic half-order

and nonmagnetic integer-order spots. With increasing temperature, the intensity of

the specular beam is reduced a little due to the thermal scattering of the electrons.

Nèel temperatures have been estimated from the discontinuity of the slope of the

Magnetism of CoO/MgO(001)
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Figure 6.3: (a) Background subtracted half-order intensity variations with temperature
for different CoO coverages on 10 ML CoO/Ag(001) and (b) for 2 ML CoO film on different
substrates. The approximate Nèel temperatures are shown by arrows.

polynomial fitted curves indicated by arrows as described in the previous chapter.

With increasing CoO film coverage, the Nèel temperature gradually increases and
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reaches to 316 K for 10 ML CoO. However, these temperatures are lower than the

respective CoO coverages on bare Ag(001) below 10 ML CoO coverage [see Fig.

6.4(a)]. For 10 ML CoO, TN is saturated at 316 K for Ag(001) and it also seems to

be saturated for 10 ML MgO/Ag(001) substrates. Due to poor surface crystalline

quality and consequently the diffuse half-order spots, we could not measure the TN

beyond 10 ML CoO on 10 ML MgO/Ag(001). The maximum reduction in TN of 25

K was observed for 2 ML CoO grown on 10 ML MgO/Ag(001) relative to Ag(001).

The effect of substrate coverage, i.e. the MgO spacer layer coverage between CoO

and Ag(001) on Nèel temperature has also been investigated by growing same CoO

coverage on different coverages of MgO substrates. The half-order intensity variations

with temperature of 2 ML CoO on different substrates are shown in Fig. 6.3(b). The

Nèel temperature of 2 ML CoO on Ag(001) is 301 K and as the MgO spacer layer

introduce, TN decreases with increasing MgO coverage and start saturating from 5 ML

MgO coverage. So, in general, the Nèel temperature of CoO/MgO/Ag(001) system

is lower than CoO/Ag(001) system. The maximum decrease in Nèel temperature

has been observed for 2 ML CoO is about 25 K [see Fig. 6.4(a)]. In order to explain

this lowering of surface Nèel temperature of CoO in close proximity to a polarizable

medium, finite size, interfacial lattice strain, and image charge screening effects need

to be considered apart from the conventional Co 3d-O 2p superexchange interaction.

Fig. 6.4(b) show the in-plane lattice parameter variation with CoO film coverages on

Ag(001), 10 ML MgO/Ag(001) and for MgO/Ag(001) as well. The lattice parameter

of CoO remains the same in the lower coverage due to the pseudomorphic growth and

gradually reaches close to the bulk value. The Nèel temperature variation of CoO film

on Ag(001) has been already described by considering the combined effects of in-plane

lattice strain, finite size and image charge screening effects in the previous chapter.

The in-plane lattice parameters of MgO films on Ag(001) increases slowly with film

coverage. The growth of CoO films on 10 ML MgO/Ag(001) is also pseudomorphic

up to 2 ML and lattice parameter increases slowly with further increase in film
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Figure 6.4: (a) Coverage dependent variation of TN of CoO on Ag(001) and 10 ML
MgO/Ag(001). A manual error bar of TN was set by taking the twice of the temperature
difference of two consecutive data points in half-order intensity-temperature curves. (b)
Variation of in-plane lattice parameter of CoO on Ag(001), 10 ML MgO/Ag(001) and MgO
on Ag(001). Error bars are proportional to the average diameter of the LEED spots. The
horizontal dotted lines represent the bulk lattice parameters of CoO, MgO, and Ag(001).

coverages, similar to Ag(001). The in-plane lattice strain of CoO films on 10 ML

MgO/Ag(001) is lower than Ag(001) up to 5 ML CoO coverage. Hence, the reduction

of TN due to the lower strength of superexchange interaction relative to the Ag(001)

substrate seems consistent. However, the observation of same TN of 10 ML CoO on

10 ML MgO/Ag(001) and on Ag(001) cannot be explained by only considering the

strain induced enhancement of superexchange strength as 10 ML CoO has smaller

in-plane lattice parameter on 10 ML MgO/Ag(001) than on Ag(001) [see Fig. 6.4(b)].

The finite size effect has also an impact on surface Nèel temperature need to be

included as in the lower coverages TN reduces due to the least coordination number.

At higher coverages, finite size effect and hence TN saturates due to the increased

nearest neighbours. So, the reduction of TN upon insertion of 10 ML MgO spacer

layer between CoO and Ag(001) can be explained by the substrate induced lattice

strain for the lower CoO coverages, however, the strain effect is suppressed at higher

coverage due to increased coordination number.
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In order to explain the enhancement of TN of CoO on 10 ML MgO/Ag(001)

over the bulk TN (291 K) of CoO, the image charge screening effect has to be

introduced similar to the CoO/Ag(001) system. The enhancement of TN is lower

for 10 ML MgO/Ag(001) than Ag(001) [see Fig. 6.4(a)] due to the presence of

lower polarizable MgO substrate which is screening the image charge effect of highly

polarizable Ag(001). For instance, 5 ML CoO on 10 ML MgO/Ag(001) [305 K] has

11 K lower TN compared to 5 ML CoO/Ag(001) [316 K]. The maximum reduction

of TN of 25 K was observed for 2 ML CoO film on 10 ML MgO(001)/Ag(001) which

has least image charge screening effect compared to Ag(001). Further, the variations

of TN of 2 ML CoO film with the MgO spacer layer coverage can be explained by

the different screening of image charge effect for different MgO coverages on Ag(001)

[see Fig. 6.3(b)]. With increasing MgO coverage on Ag(001), the effect of image

charge is screened by the less polarizable MgO substrate i.e., the values of U and

∆ are increased relative to the CoO/Ag(001) system and consequently, the TN is

reduced for a fixed CoO film coverage.

From the above discussion, it is clear that the image charge screening effect is the

main reason behind the enhancement of TN for CoO(001) film grown on MgO/Ag(001).

However, we do not observe huge changes in the surface Nèel temperature due to the

image charge screening unlike Altieri et al. [29] have observed for NiO/MgO system.

6.2.2 Half-order spot profile analysis: domain size

Exchange scattered half-order spot intensity variations with temperature described

the antiferromagnetic ordering of CoO on different substrates. Moreover, the intensity

profile of half-order spot provides the information about the long-range antiferromag-

netic ordering of the film. Using the inverse of full width at half maximum (FWHM)

of half-order spots in proper units, a rough estimation of average antiferromagnetic

p(2×1) domain size can be performed [204,205]. Fig. 6.5(a) show the line scan of the
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Half-order spot profile for various film coverages on different substrates. The FWHM of the 
spot is the rough estimation of average antiferromagnetic domain size of the film. [Ref: J. 
Phys: Condens. Matter 21 134008] 
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Figure 6.5: (a) Line scan of the half-order spot of CoO/Ag(001) surface, showing
the increase of average domain size with film coverage. (b) MgO spacer layer coverage
dependence of average domain size of CoO on MgO/Ag(001). (c)-(d) A Lorentzian fit of 2
ML CoO/Ag(001) gives an average domain size of 7 nm.

half-order spots of CoO on Ag(001) starting from submonolayer to 2 ML coverages. In

the submonolayer regime, very weak and broad half-order spots were observed due to

the finite size effects. With increasing coverage, the half-order spots become sharper

with lower FWHM as the antiferromagnetic p(2× 1) domain sizes are now dominated

by the physical grain sizes in the film [22]. Bigger domain size corresponds to a longer

antiferromagnetic correlation length and an enhanced exchange scattering strength,

reflected in the increment of p(2× 1) spot intensity. The sharpest half-order intensity

with minimum FWHM was observed for 2 ML CoO on Ag(001). A Lorentzian fit

of this intensity profile gives an average domain size of ∼ 7 nm [see Fig. 6.5(d)].

With further increase in film coverage, the spot profile does not improve due to the

reduced surface crystalline quality in presence of weak intensity mosaic structure

(not shown). Fig 6.5(b) show the half-order spot profiles of 2 ML CoO grown on

different substrates. With increasing MgO spacer layer coverage the FWHM also

increases relative to the Ag(001) substrate. So, screening of the image charge effects
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by MgO spacer layer not only reduces the TN of CoO films but also reduces the

average antiferromagnetic domain sizes.

6.3 Critical exponent with Debye-Waller correction

The intensity of exchange scattered half-order LEED spots decreases with increasing

temperature due to the reduction of the sublattice magnetization. In addition to

that, the LEED spot intensity is also known to decrease with temperature due to

thermally induced diffuse scattering. As a result, the beam intensity is reduced by the

Debye-Waller factor, exp(-2W), where W is a function of temperature T [194]. Our

experimental LEED intensities closely follow a simple temperature dependence in

the form I = I0exp(−αT ). Fig. 6.6(a) show the temperature variation of logarithmic

intensities of (0,0) and (1/2,0) spots for 2 ML CoO film grown on Ag(001). For the
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Figure 6.6: (a) Temperature dependent logarithmic intensity of (1/2,0) and (0,0) order
LEED spots of 2 ML CoO on Ag(001). Inset shows the linear fit of the ln[I(1/2,0)]
= f(T) curve between 120 and 140 K. (b) Debye-Waller factor corrected I(1/2,0)/exp(-
2W) represents the temperature variation of 〈Ms〉2. Despite the change in curvature,
antiferromagnetic transition temperature TN remain the same as indicated by the arrow.

integer order spot, ln(I) decreases linearly over the whole temperature range as a

result of thermal vibrations. In contrast, for the half-order spots ln(I) is decreasing
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linearly with T only between ∼ 120 and 140 K and intensity (I) gradually falls to zero

at the magnetic transition temperature. So, both thermal vibrations and decrease

of the sublattice magnetization must contribute to the temperature dependence of

the magnetic half-order spots. Fig. 6.6(b) shows the temperature dependence of the

half-order intensity I(1/2,0) corrected by the Debye-Waller factor exp(-2W), along

with the half and integer order intensities of 2 ML CoO. The Debye-Waller factor has

been extracted from the linear part of the ln[I(1/2,0)] = f(T) curve, i.e., between 120

and 140 K [see the inset of Fig. 6.6(a)]. The contributions of thermal vibrations are

removed by this correction from the temperature dependence curve of I(1/2,0) and

now it reflects the square of sublattice magnetization (〈Ms〉2) only as the half-order

spot intensity I(1/2,0) is proportional to 〈Ms〉2, the square of the thermal average of

the spin moment component of the scattering atom [70]. The Debye-Waller correction

slightly changed the curvature of the I(1/2,0) curve, though no change has been

observed in the antiferromagnetic ordering temperature (TN) [see Fig. 6.6(b)].
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Figure 6.7: (a) Log-log plot of exchange scattered magnetic half-order intensity of
CoO/Ag(001) films versus (1-T/TN ). The critical exponent obtained from the linear fits
in the temperature range 0.97 TN - 0.88 TN are 0.33 and 0.48 for 2 and 5 ML CoO
films, respectively. (b) The similar plot has also shown for CoO film grown on 10 ML
MgO/Ag(001). The obtained critical exponents are 0.32, 0.39 and 0.47 for 2, 5 and 10 ML
CoO, respectively.

Chapter 6. Magnetism of CoO/MgO(001)



6.3. Critical exponent with Debye-Waller correction 130

The decay of antiferromagnetic long-range order of CoO film in the critical region

can be described in terms of the critical exponent, β. The universal power law

of spontaneous sublattice magnetization is given by M(T ) = M(0)(1 − T/TN)β.

The exchange scattered half-ordered LEED intensity is proportional to the square

of the sublattice magnetization and thus we can estimate the value of 2β from

I(1/2, 0) = C(1− T/TN)2β similar to other studies of Ising and Heisenberg systems

[206,207]. Fig. 6.7(a) show the log(I) vs. log(1-T/TN ) plots for 2 and 5 ML CoO film

on Ag(001). The correction for Debye-Waller factor has been into account though it

does not have a significant effect on the critical exponent [206, 207]. The value of

critical exponent has been estimated by linear fitting of the log(I) vs. log(1-T/TN)

plot in the temperature range of 0.97 TN - 0.88 TN . The value of β was found to be

around 0.33 for 2 ML CoO suggesting the three-dimensional Ising/Heisenberg like

behaviour though it is increased to 0.48, close to the mean-field value (0.5) at 5 ML

CoO film coverage. Similarly, the critical exponents gradually increases from 0.32

to 0.47 for going 2 ML to 10 ML CoO film grown on 10 ML MgO/Ag(001) [see Fig.

6.7(b)]. Moreover, β varies with temperature range as the log(I) vs. log(1-T/TN)

plot is not perfectly linear throughout the temperature range. It is known that

no one theoretical model can describe satisfactorily the ordering behaviour of CoO

over the entire temperature range [192]. Rechtin et al. [192,206] have explained the

critical behavior near TN of CoO by considering rigid lattice Ising-model with critical

exponent values near 0.3125 (3D Ising model) is close to our observed exponent values

for 2 ML CoO. This three-dimensional Ising/Heisenberg like magnetization decay can

be explained by considering the growth of the quasi-2D islands of CoO on Ag(001)

as described in chapter 3. Here, the ultrathin CoO films grown on Ag(001) or MgO

are not an ideal 2D geometrical system due to the lack of perfect flat monolayer

growth, often there are islands of a few atomic layer height can exhibit a quasi-2D

system. If the LEED coherence lengths are comparable with the 3D islands sizes

then it can give rise to a three-dimensional Ising/Heisenberg behavior even at 2 ML

Chapter 6. Magnetism of CoO/MgO(001)



6.3. Critical exponent with Debye-Waller correction 131

film coverage. At 10 ML CoO coverage, TN saturates about 25 K higher than the

bulk value, i.e., the surface exchange coupling (Js) is stronger than the bulk exchange

coupling (Jb). This should lead the CoO surface order a pure two-dimensional surface

transition followed by a crossover behavior at Tb
N as the bulk counterpart at the

same temperature is still in a paramagnetic state. However, with increasing film

coverage we are having enhanced critical exponent value well above even the 3D

Ising/Heisenberg antiferromagnet. At 10 ML coverage, the estimated exponent value

approaches close to the mean-field value of 0.5. So, it is evident that there is a

dimensional crossover from 3D Ising/Heisenberg to mean-field critical behavior. A

recent numerical study by Monte-Carlo method predicts that there is a dimensional

effect in the critical properties of multilayered Heisenberg films [208]. They have

shown that the calculated critical exponents exhibit a dimensional transition from two

dimensional to three dimensional properties of the films with increasing film thickness.

Further, the scaling functions can also describe the crossover from Ising-like critical

behavior to classical critical behavior in 2D systems [209]. Similar scaling functions

in the vicinity of the critical point are necessary to describe our observed crossover

from 3D Ising/Heisenberg to classical mean-field critical behavior properly.

It is reported in the literature [164, 207, 210] that surface critical exponent of

prototype NiO film differs from the bulk critical exponent. However, the observed

CoO exponent values seem to corresponds to the bulk values. Despite several

similarities between NiO and CoO, the critical behavior is quite contrasting as NiO

exhibit a surface extraordinary transition while CoO shows anomalous enhancement

of surface sublattice magnetization with temperature increase [164]. The single

site-anisotropy of CoO is quite higher relative to NiO both in bulk and on the (001)

surfaces which can drive the critical behavior of CoO in different ways.
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6.4 ARPES of CoO/MgO(001): Effect of AF order in

valence electronic structure

Effect of antiferromagnetic order in the electronic structure of CoO/Ag(001) system

has been already discussed in chapter 5. However, upon deposition of CoO on wide

gap MgO substrate, Co 3d band dispersions are distinctly visible due to the absence

of substrate bands within 0-4 eV binding energy range. Moreover, the reduced

image charge screening in presence of MgO layers can modify the valence electronic

structure significantly. Fig. 6.8(a)-(b) shows the ARPES band dispersion about Γ of
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Figure 6.8: (a)-(b) ARPES band dispersion about Γ of 10 ML CoO in both PM and
AFM phase using He Iα. The gap between two O 2p bands is shown by arrow. (c) ARPES
spectra at Γ point to investigate the evolution of individual features upon PM to AFM
transition.

10 ML CoO on 10 ML MgO/Ag(001) using He Iα in both paramagnetic (343 K) and

antiferromagnetic (123 K) phases. The main observed difference between PM and

AFM band structure is the band splitting at about 5 eV binding energy as shown

in Fig. 6.8(b) by arrow. Theoretical band structure calculation including the AF
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order shows similar splitting of O 2p derived ∆1 band [56]. It is also experimentally

observed that even at paramagnetic phase the short-range magnetic order contributes

to the local antiferromagnetic bands [56]. Moreover, the Co 3d band narrowing near

Fermi level in AFM phase makes the insulating gap wider due to strong correlation

effects. Fig. 6.8(c) shows the ARPES spectra at Γ point for both PM and AFM

phases. The valence band edge is shifted towards higher binding energy in AFM

phase showing the more insulating character of CoO relative to the PM phase. The

feature ‘A’ corresponds to Co 3d states and the feature ‘B’ and ‘C’ are assigned

to ∆5 and ∆1 symmetry oxygen bands, respectively. All these features are more

prominent in AFM phase and also shifted to the higher binding energies possibly due

to the image charge effects in addition to the antiferromagnetic band narrowing. The

shoulder of the feature ‘B’ that appears in presence of long-range antiferromagnetic

order exhibiting the small gap between two oxygen bands.

Similarly, the ARPES band dispersions of 10 ML CoO/10 ML MgO/Ag(001) for

both paramagnetic (343 K) and antiferromagnetic (123 K) phases using He IIα are

shown in Fig. 6.9. Here, Co 3d bands are distinctly visible with a gap in AFM phase

as shown by arrow [ Fig. 6.9(b)]. However, the non-dispersive O 2p bands are weaker

relative to that of the He Iα. The effect of the band narrowing in Co 3d is stronger

than O 2p as the magnetic moments are located at the Co sites. The ARPES spectra

at Γ show the evolution of different features ‘A’, ‘B’,‘C’ upon PM to AFM transition

[see Fig. 6.9(c)]. The Co 3d feature ‘A’ and ‘B’ get enhanced and the band edge

is shifted to the higher binding energy results the insulating gap opening in AFM

phase. The feature ‘C’ associated with O 2p is shifted to the higher binding energy

possibly due to the image charge screening in addition to the AFM band narrowing.

Despite the intensity enhancement due to band narrowing of antiferromagnetic

CoO, no major changes in valence electronic structure were observed in presence

of antiferromagnetic ordering in the sample. The short-range magnetic correlation

persists well above the Nèel temperature as observed by neutron diffraction exper-
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spectra at Γ to monitor the individual features upon PM to AFM transition.

iments [18, 196, 197]. This short-range magnetic correlations whose length scale is

larger than the photoemission correlations length makes the electronic structure

similar in both AFM and PM phase, as already observed in CoO single crystal by

Shen et al. [56].

6.5 Summary

Evolution of magnetic p(2×1) half-order spot with CoO film coverage on MgO/Ag(001)

as well as on several Ag(001) supported MgO substrate coverages were investigated.

The effects of underlying MgO substrate on antiferromagnetic ordering temperature

was studied using the temperature dependent exchange scattered half-order intensity

profiles. The variations of Nèel temperature with film and substrate coverage were

explained using the combined effects of finite size, in-plane lattice strain, and image

charge screening. A rough estimation of average antiferromagnetic domain size was
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carried out from the FWHM of the Lorentzian fitted half-order intensity profile.

Moreover, the variations of FWHM of different films with different conditions gives an

idea about the average domain size of the films. The reduction of LEED spot intensity

with increasing temperature due to diffuse scattering i.e., the Debye-Waller factor

was corrected, though it has a little effect on sublattice magnetization. The decay of

long-range antiferromagnetic order in the critical region has been described using the

universal power law of spontaneous sublattice magnetization. The value of critical

exponent β suggest a 3D Ising/Heisenberg behavior in low film coverage, however, a

mean-field behavior is observed in higher film coverage. The temperature dependent

ARPES study reveals the evidence of short-range antiferromagnetic ordering above

the Nèel temperature as the valence band electronic structure is similar in both PM

and AFM phase except the small gap opening with the narrowing of Co 3d and O 2p

bands.
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7
Growth and Characterization of FexO on
Ag(001) and MgO/Ag(001)

7.1 Introduction

Iron oxides and their surfaces are important for various applications in a large number

of areas, such as sensors, catalysis, corrosion and magnetism [211–213]. Despite

technological and scientific interests, the growth of iron oxide thin films such as

FeO (wustite), Fe3O4 (magnetite) and Fe2O3 (hematite) are still poorly understood.

The main concern of these iron oxide growth studies is the preparation of well-

ordered stable surfaces. To investigate the growth of well-defined stable surfaces,

different strategies have been adopted such as single crystal oxidation, oxygen

assisted molecular beam epitaxy (MBE) and sequential iron deposition/oxidation

cycles on metallic substrates [214]. Generally, the grown films contain more than

one crystallographic phase [215] due to the different available oxidation states of Fe.

Attempts have been made by several groups of researchers to grow FeO films on

different substrates. In order to study the intrinsic properties of Fe1−yO surfaces, one

might think to grow non-polar Fe1−yO(001) on Ag(001) substrate. However, despite

the small lattice mismatch, the growth of FeO on Ag(001) results in the growth

of a hexagonal FeO(111) phase for few-monolayer coverage regime. This clearly
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demonstrates that the polar orientation is strongly favored for the low film coverage

regime. However, Merte et al. [216] have shown that grains of Fe1−yO(001) were

formed via the oxidation of metallic Fe grains at 623 K and 2×10−7 mbar oxygen

on Ag(001). Kim et al. [217] have grown oriented FeO film on Si(100) from Fe3O4

containing Fe nanocrystallines by post-annealing at 873 K. As FeO is found to be

stable only above 843 K [218], below this temperature it decomposes back to metallic

Fe and Fe3O4. Recently, Abreu et al. [215] have grown iron oxide films on atomically

clean Ag(001) surface by molecular beam epitaxy (MBE). They have prepared series

of iron oxide films by varying different growth parameters such as atomic flux, oxygen

partial pressure, annealing temperature to establish the best preparation conditions

for obtaining films with the highest concentration of FeO(100) phase. Depending

upon the oxygen partial pressure, the sample contains both Fe3O4 as well as metallic

Fe. Annealing at higher temperatures, the Fe3O4 transforms into FeO, though it

worsens the surface epitaxial order as observed by LEED and XPS. Sebastien et

al. [219] have shown that growth of a pure metal on the native metal oxide layers can

reduce the oxide to its lowest oxidation state and stabilized it. They have studied

the in situ oxidation of iron layers and the chemical changes induced by subsequent

deposition of Fe metal using hard x-ray absorption spectroscopy.

The physical and chemical properties of oxides are dependent on the exposed

crystallographic surface. For example, wustite or FeO has rocksalt structure and

consists of alternating (111) planes of either only Fe or O atoms, i.e., it possesses a

polar surface termination. On the other hand, the (001) termination is non-polar

as it consists of 50% Fe and 50% O atoms. The stoichiometric FeO has the lowest

contingent of oxygen and it is not stable under ambient condition. Therefore, FeO

exhibits iron deficiencies which are usually indicated by the notation, Fe1−δO with

0.04 < δ < 0.12 [39]. Rocksalt FeO exhibits antiferromagnetism below the Nèel

temperature of 198 K, with the Fe2+ spin arrangement parallel to the (111) planes

and antiparallel to the adjacent planes similar to CoO [220, 221]. However, the
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magnetic axis of FeO is perpendicular to (111) plane unlike the other transition

metal oxides [17]. The surface magnetism of FeO is poorly explored in the literature

possibly due to the lack of a well-ordered stoichiometric surface. Real FeO samples

will always have Fe2+ vacancies, and these vacancies induce the creation of two Fe3+

ions. Therefore, in addition to antiferromagnetic superexchange interaction within

Fe2+-O2−-Fe2+ network, a ferromagnetic interaction may appear between Fe2+ and

Fe3+ ions in the neighborhoods of Fe2+ vacancies [220].

7.2 Growth of FexO film on Ag(001)

The growth of stoichiometric single phase iron oxide is quite challenging due to

its complex phase diagram. We have undertaken a detailed growth study of FeO

on Ag(001) using reactive evaporation of Fe under oxygen environment. Different

growth parameters such as substrate temperature, oxygen partial pressure, post-

growth annealing conditions etc. were varied to obtain the well-ordered FexO(001)

surface with maximum Fe2+ content. Well polished and atomically clean Ag(001)

single crystal was used to grow FexO at various growth conditions. The surface

crystalline quality was investigated by LEED whereas XPS was used to monitor the

relative binding energy positions of different core levels to obtain the stoichiometric

information of the grown films. Moreover, a coverage dependent evolution of surface

geometrical as well as electronic structure were investigated by LEED and XPS,

respectively.

7.2.1 Growth at different conditions: LEED and XPS study

Fig. 7.1(a)-(d) show the LEED pattern of 3 ML FexO films grown at different growth

and post-growth annealing conditions. All the LEED images were collected at 85 eV

primary beam energy where the superstructures are clearly visible with the regular
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p(1 × 1) pattern. Initially, 3 ML FexO was grown on Ag(001) at 473 K substrate

temperature and 5×10−8 mbar oxygen partial pressure [see Fig. 7.1(a)]. Post-growth

annealing at three different conditions was performed with the aim of improved

surface crystalline quality and stoichiometry. Annealing at 573 K with 1×10−7 mbar

oxygen partial pressure exhibit a p(2× 1) twin domain superstructure as shown in

Fig. 7.1(b). Annealing at relatively lower oxygen pressure (7×10−8 mbar) shows

473 K, 5×10-8 mbar

3 ML FexO/Ag(001)
Substrate temp 200 0C
Beam energy 85 eV

(a)

Vacuum anneal at 573 K

O2 anneal at 573 K, 1×10-7 mbar

O2 anneal at 573 K, 7×10-8 mbar

(c)

(b)

(d)

G1 G1A2

G1A1 G1A3

Figure 7.1: LEED images at 85 eV beam energy for different growth and post-growth
annealing conditions of a 3 ML FexO film. All the growth and post-growth conditions
are labeled by G1 and G1A1, G1A2, G1A3, respectively. (a) Grown at 473 K substrate
temperature and 5×10−8 mbar oxygen partial pressure (G1). (b) Oxygen annealing at
573 K and 1×10−7 mbar (G1A2). (c) Vacuum annealing at 573 K (G1A1). (d) Oxygen
annealing at 573 K and 7×10−8 mbar (G1A3).

apparently similar LEED superstructure as before. However, a closer inspection

reveals that each superstructure spot consists of uniaxially split diffraction spots [see

Fig. 7.1(d)]. Annealing in absence of oxygen at 573 K improves the LEED spots

quality as the high intensity backgrounds around each spot are reduced and the

next higher order low intensity spots appear [see Fig. 7.1(c)]. Fig. 7.2 shows the
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LEED patterns of 3 ML FexO films grown at two more substrate temperatures and

corresponding post-growth annealing conditions. Growth at RT with 5×10−8 mbar

oxygen pressure and immediate post-growth annealing with the same oxygen pressure

at 723 K (G2A1) shows somewhat similar superstructure LEED pattern as described

in the case of Fig. 7.1(d). Similar LEED superstructure has also observed by Merte

et al. [216] for the initial stages of iron oxide film growth on Ag(001). They have

shown that these superstructures correspond to the oxygen-rich hexagonal multilayer

phase of FexO. Growth at intermediate 373 K with 5×10−8 mbar oxygen pressure

show a regular (1 × 1) structure with high background intensity [see Fig. 7.2(b)].

Upon annealing in absence of oxygen at 473 K, the spot intensity improves indicating

the presence of low defect density in the film as shown in Fig. 7.2(c). So, the surface

(a) G2A1

RT growth, O2 annealed at 723 K Growth at 373 K Vacuum annealed at 473 K

(b) (c)G3 G3A1

Figure 7.2: LEED images of 3 ML FexO at 85 eV for (a) RT growth and immediate
oxygen annealing at 723 K (G2A1), (b) Growth at 373 K (G3), and (c) post-growth vacuum
annealing at 473 K (G3A1).

crystalline quality is improved significantly in the growth modes G2A1 and G3A1

[Fig. 7.2] than the G1A1 and G1A2 [Fig. 7.1] despite the presence of multi-domain

superstructure.

Fig. 7.3(a) show the corresponding Fe 2p XPS spectra for different growth and

post-growth annealing conditions as discussed in the LEED study. The growth at

473 K with 5×10−8 mbar oxygen pressure (G1) show a non-stoichiometric FexO

film as the 2p3/2,1/2 peaks are shifted to the lower binding energies relative to the

corresponding positions of the stoichiometric FeO film. The spectrum primarily
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Figure 7.3: Core level XPS spectra of 3 ML FexO at different growth and post-growth
conditions. (a) Fe 2p spectra show the evolution of 2p3/2,1/2 and their respective shake-up
satellites. (b) O 1s spectra show no significant change in binding energy upon growth and
post-growth conditions except for the growth G2A1.

consists of metallic Fe0 peak at 707 eV with minor contributions of Fe2+/Fe3+ at

about 710.5 eV. Upon post-growth annealing in absence of oxygen (G1A1), the Fe 2p

peak positions do not change despite the improvement of p(1×1) LEED spot intensity.

However, the post-growth annealing at higher oxygen partial pressures (G1A2 and

G1A3) result in the shift of 2p core level towards higher binding energy with the

superstructure LEED patterns. Now the spectra consist of Fe2+/Fe3+ emissions and

the characteristic weak intensity shake-up satellites. These satellites are located

at well-known binding energies according to the cation species [222]. The Fe 2p3/2

shake-up satellites of Fe2+ and Fe3+ are located at 714.9 eV and 719.2 eV binding

energies, respectively [223]. Moreover, the energy separation between 2p3/2 and the

corresponding shake-up satellite is also an important indicator to investigate the

iron oxides stoichiometry. Stoichiometric FeO has a gap of ∼ 6 eV between 2p3/2
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and Fe2+ satellite [215]. Here, the best possible observed values of 2p3/2 and Fe2+

satellite are 709.8 eV and 715.8 eV, respectively, with a separation of 6 eV [see Fig.

7.3(a)]. In addition to that, the 2p3/2 peak and the corresponding shake-up satellite

of Fe3+ are also observed at 710.5 eV and 718.7 eV, respectively, with a separation

of 8.2 eV indicating Fe2O3 stoichiometry [see Fig. 7.3(a)]. All these Fe2+/Fe3+

peaks and corresponding satellites separations are consistent with the FexO/Fe2O3

stoichiometries, respectively [222,223].

So, it is evident that the grown sample contains both Fe2+ and Fe3+ with a ratio,

which needs to be estimated. The main task of this growth optimization is to increase

the Fe2+ contains in the FexO film grown on Ag(001). Growth at RT followed by

the post-growth oxygen annealing at the higher temperature (G2A1) also provides

similar Fe 2p spectrum with all the features at the same binding energies as G1A2

and G1A3. Growth at 373 K followed by post-growth annealing in absence of oxygen

(G3A1) again shows a non-stoichiometric growth as the peaks are shifted to the lower

binding energies. The O 1s peak is almost at the same binding energy position for all

the growth and post-growth annealing conditions except for the RT growth(G2A1).

So, for all the growth conditions the films are either non-stoichiometric with the

contributions of Fe0/Fe2+/Fe3+ cations or the superstructured LEED suggesting to

tune the growth conditions further for desired (1× 1) stoichiometric FeO growth.

7.2.2 Coverage dependent evolution of surface geometric and

electronic structure

Growth mechanism of ultrathin layers of FexO on a metallic substrate and their

geometric and electronic structures can differ from bulk due to the finite size effects

in reduced dimension. In order to investigate these aspects coverage dependent

growth studies have been performed using LEED and XPS. Three different films of

coverages 3 ML, 6 ML, and 9 ML were grown at 423 K with 2×10−8 mbar oxygen
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3 ML 6 ML 9 ML

150 0C, 2E‐8 mbar, 85 eV

(a) (b) (c)

Figure 7.4: Coverage dependent LEED patterns for (a) 3 ML (b) 6 ML (c) 9 ML
FexO/Ag(001). All the images were taken at 85 eV beam energy.

partial pressure. Fig. 7.4 shows the LEED patterns of these films taken at 85 eV

electron beam energy. At 3 ML coverage, a p(1×1) pattern with distinct first order

spots was observed. As the coverage increases the higher order spots also get equally

intense with a stripe-like LEED pattern [see Fig. 7.4(b)-(c)]. The appearance of these
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Figure 7.5: (a) Coverage dependent evolution of (a) Fe 2p and (b) O 1s spectra of
FexO/Ag(001). The shake-up satellites are denoted by SS.

stripe structure could be due to the oxygen vacancy ordering with a distribution for

higher film coverages as it is generally considered that the required oxygen doses

also increases with increasing coverage for stoichiometric growth. The expected
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pseudomorphic growth at 3 ML coverage is also consistent with the observed stripe-

free (1×1) LEED pattern. Fig. 7.5(a)-(b) show the Fe 2p and O 1s spectra for the

above mentioned three FexO coverages, respectively. It is quite striking that 3 ML

film shows non-stoichiometric growth, however, at the same growth conditions for 6

and 9 ML films showing the Fe 2p features corresponding to FexO growth. Similarly,

O 1s spectrum is also shifted to lower binding energy for 3 ML film relative to the 6

ML or 9 ML film coverages. From 6 ML onwards, we have observed 2p3/2 peak and

the corresponding shake-up satellite of Fe2+ at 710 eV and 716.2 eV, respectively,

with a gap of 6.2 eV and O 1s peak at 530.5 eV are in good agreement with the

available stoichiometric FeO data [215]. The characteristic shake-up satellites of Fe2+

are more prominent relative to the main 2p3/2 peak for higher film coverages indicates

an increase of the Fe2+ content in FexO. Detailed investigation of the stoichiometry

of the FexO film will be discussed in the next section.

7.2.3 Stoichiometry of FexO film: XPS analysis

Fig. 7.6(a) show the Fe 2p spectra of 9 ML FexO fitted with CasaXPS to extract

the stoichiometric information of the film. The Shirley background has been used to

effectively describe the inelastic electron background under the whole spectrum. The

2p3/2,1/2 peaks and their corresponding shake-up satellites (SS) are fitted with the

mixed Gaussian-Lorentzian (GL) curves to obtain the raw area under the spectrum.

Similarly, the raw area under the background subtracted O 1s peak also estimated

as shown in Fig. 7.6(b). These raw areas were normalized (divided) by the pho-

toionization cross section at the used photon energy. The atomic concentration of

Fe in FexO or Fe:O ratio has been estimated by the ratio of the normalized area

under Fe 2p and O1s peaks. The Fe:O ratio is found to be 0.53 : 0.47 which is an

overestimation for several possible reasons. Firstly, the Fe 2p peak area we measured

is a sum of all the individual peak areas which were multiple overlapped and were
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Figure 7.6: (a) Fe 2p spectra of 9 ML FexO fitted with Gaussian-Lorentzian line-shapes
(Gaussian:Lorentzian=40:60) showing individual components. The shake-up satellites are
denoted by SS. (b) O 1s spectra.

not considered properly. Secondly, it depends on the choice of the relative sensitivity

factors (RSF)/photoionization cross sections of the 2p lines used for calculating the

atomic concentration. Wagner et al. [224] had shown that the sensitivity factors for

the 2p lines of transition metals varied quite significantly with the chemical state due

to the multi-electron processes. Therefore, it is difficult to determine the Fe oxidation

Fe2+ : Fe3+ = 1.71 = 0.63 : 0.37 ; Fe0.84O 
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Figure 7.7: Fe 3p spectra of 9 ML FexO showing both Fe2+ and Fe3+ components. The
curve fitting was carried out using the GL ratio=40 (Gaussian:Lorentzian=60:40).

state accurately with the use of general sensitivity factors. An alternative way is to
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use Fe 3p peak to avoid the complexity of Fe 2p spectra. It is a single peak without

any interfering satellite peaks. The peak has been fitted considering both Fe2+ and

Fe3+ components [see Fig. 7.7]. The ratio of Fe2+ : Fe3+ = 0.63 : 0.37 is obtained

from the Fe 3p spectra. Since Fe1−yO can be expressed as 2yFe3+(1− 3y)Fe2+O, the

Fe1−yO having ionic ratio of Fe2+ : Fe3+ = 0.63 : 0.37 should have y=0.16. So, the 9

ML film is estimated to have a composition of Fe0.84O. However, it is known that

wustite is the most unstable iron oxide even under ultrahigh vacuum conditions; the

surface layer of this oxide become progressively further oxidized, leading to changes

in the surface stoichiometry of the material.

7.3 Growth of FexO film on 5 ML MgO/Ag(001)

The growth mechanism of oxide films on a substrate may vary depending upon

the different parameters of the concerned substrate such as lattice misfit, crystal

plane orientation, film-substrate interaction, surface energy etc. There are several

growth studies of FeO on polar (111) as well as non-polar metallic surfaces known

in the literature [215, 216, 225]. However, the growth of FeO on oxide surfaces are

still limited. Surface X-ray diffraction study of MgO/Fe(001) interface reveals the

presence of a substoichiometric FeO layer between the bulk Fe(001) substrate and

MgO adlayers [226]. So it is evident that the presence of MgO layer adjacent to FexO

film can control the stoichiometry as well as the growth dynamics. We have taken

MgO(001) as the oxide substrate to grow FexO due to the small lattice mismatch

between them. Bulk MgO is a wide gap insulator which prevents the photoemission

as well as LEED measurements due to the space charge effects. In order to rule out

this issue, 5 ML MgO film was grown on Ag(001) and used as a substrate for FexO

growth. All the growth of FexO on 5 ML MgO/Ag(001) has been performed at 473

K with an oxygen background pressure of 7×10−9 mbar, which is quite lower than

that of the FexO/Ag(001) system.
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7.3.1 Coverage dependence: LEED and XPS study

Fig. 7.8 shows the LEED pattern at 85 eV for different film coverages of FexO grown

on 5 ML MgO/Ag(001). A well-ordered p(1×1) LEED pattern with intense sharp

spots has been observed for the lower film coverages. With increasing coverage the

spot quality degrades due to the presence of increased defect states in the sample.

However, the overall LEED quality is superior to that observed during film growth

on Ag(001) [see Figs. 7.1 and 7.2]. The strain in FexO film on 5 ML MgO/Ag(001) isFexO/5 ML MgO/Ag(001) system

1 ML 2 ML 3 ML

5 ML 7 ML 10 ML

(b)(a) (c)

(d) (e) (f)

Figure 7.8: Coverage dependent LEED images collected at 85 eV for (a) 1 ML, (b) 2 ML,
(c) 3 ML, (d) 5 ML, (e) 7 ML and (f) 10 ML FexO on 5 ML MgO/Ag(001).

slightly lower than that on the bare Ag(001) as MgO grows almost pseudomorphocally

on Ag(001) up to initial few layers and the strain relaxes at higher coverages by

the formation of misfit dislocation network ascribed to the mosaic structure. The

growth details of MgO on Ag(001) has already been discussed in chapter 4. These

reduced strain in FexO results in the improvement of surface crystalline quality for

the lower film coverages [see Fig. 7.8(a)-(c)]. For higher coverages, there appears a
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background around each LEED spot ascribed as the increased defect density for the

higher film coverages [see Fig. 7.8(d)-(f)]. Fig. 7.9 (a)-(b) show the XPS spectra
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Figure 7.9: Coverage dependent (a) Fe 2p and (b) O 1s spectra of FexO films on 5 ML
MgO/Ag(001).

of Fe 2p and O 1s for various FexO film coverages grown on 5ML MgO/Ag(001).

The binding energies of 2p3/2 and the corresponding shake-up satellite are found

to be at 709.9 eV and 716 eV with a separation of 6.1 eV. Here the characteristic

Fe2+ satellites are more prominent relative to that of the FexO/Ag(001) system

indicating the enhancement of Fe2+ content in these samples. The O 1s binding

energy positions are found to be at 530.6 eV for all the coverages which are very

close to the reported value [215]. Moreover, the estimated stoichiometry of 10 ML

FexO (Fe0.92O) is also found to be improved compared to the case of Ag(001) (not

shown). It is reported that 2p3/2 satellite peak is absent for Fe3O4 which rule out

the possibility of Fe3O4 stoichiometry [227]. However, Fe2O3 has also satellite peak

approximately 8 eV higher binding energy than from the main 2p3/2 peak as it
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the intrinsic feature of Fe2+. The reported values of 2p3/2 peak of Fe2O3 are lying

between 710.6 eV to 711.2 eV [222,227]. Our observed values are found to be about

at 709.9 eV with approximate 6 eV satellite separation is a clear indication of the

FexO stoichiometry [215]. The growth of FexO on MgO/Ag(001) has improved the

surface crystalline quality as well as the enhancement of Fe2+ content as explained

qualitatively using LEED and XPS results, respectively. In order to investigate

the role of the MgO spacer layer between FexO and Ag(001), Mg 1s core level was

monitored with film coverage [see Fig. 7.10]. With increasing FexO coverages, Mg

1s is shifted to lower binding energy till 3 ML and returned to the same binding

energy with further the increase in coverage. This Mg 1s peak shift to the lower
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Figure 7.10: Evolution of Mg 1s spectra of 5 ML MgO/Ag(001) with FexO film coverages.

binding energy is likely due to the reduction of MgO lattice oxygen to form FexO

interfacial layer. However, it is reported that for the growth of 3 ML Mg films on

preoxidized FeO/Fe(001) surface, MgO films are formed through the oxygen transfer

from FeO to Mg which is the opposite case to our results [228]. It is to be noted

that the bond dissociation energy of MgO is slightly lower than FeO, 394 and 409

KJ/mole, respectively [229]. Moreover, in the strained ultrathin MgO film, the
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formation energy of MgO become larger than FeO, in favour of our results [228]. We

observe FexO induced metallic Mg feature at the interface in terms of Mg 1s peak

shift to the lower binding energies upon deposition of FexO layers on stoichiometric

MgO/Ag(001) surface. With increasing FexO coverage this process is stabilized by

the formation of interfacial FeO layers. For 3 ML FexO, the intensity of the metallic

Mg signal probed by XPS is maximum as the peak is shifted towards lower binding

energy. With increasing coverage, the metallic Mg contribution probed by the XPS

decreases due to increased amount of MgO signal and the Mg 1s peak is shifted back

to the same binding energy position.

7.3.2 ARPES of FexO/5 ML MgO/Ag(001): Temperature dependence

The magnetic structure of bulk FeO is well known as it has been studied extensively

using neutron diffraction technique [17, 160, 220, 230]. However, the situation is

different for the ultrathin films as the growth of stoichiometric FeO film is difficult,

which always show some Fe-deficiency. In this work, our primary motive was to

grow a well-ordered FexO film with maximum possible Fe2+ content and to study the

surface magnetism and electronic structure using exchange scattered LEED intensity

and ARPES techniques, respectively. Despite the well-ordered p(1×1) LEED pattern

on both Ag(001) and on 5 ML MgO/Ag(001) substrates, the absence of exchange

scattered half-ordered LEED spots well below the bulk Nèel temperature (198 K)

restricted our investigation to the temperature dependent ARPES measurement

only. There are several probable reasons for the absence of antiferromagnetic half-

order spots. Firstly, the insufficient surface crystalline quality, disorder and surface

non-stoichiometry can cause the absence of these weak intensity exchange scattered

LEED spots. Secondly, the antiferromagnetic ordering temperature may be reduced

below 120 K due to non-stoichiometry of the film which is beyond our experimental

temperature range. We have preferred MgO supported 10 ML FexO films for valence
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band electronic structure studies over FexO on Ag(001) due to improve surface

crystalline quality and to investigate the effects of reduced image charge screening

on the valence band structure.
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Figure 7.11: (a)-(b) Temperature dependent 2nd derivatives of ARPES band dispersions
of 10 ML FexO on 5 ML MgO/Ag(001) using He Iα towards Γ−X direction. (c) Angle-
resolved energy distribution curve at Γ for both PM and AFM phase.

Fig. 7.11(a)-(b) show the ARPES band dispersions (second derivatives) along

Γ−X direction of 10 ML FexO(001) film grown on 5 ML MgO/Ag(001) using He Iα

at both paramagnetic (300 K) and antiferromagnetic phases (120 K), respectively.

The density of states within 0-3 eV binding energy range are of Fe 3d origin whereas

the intense O 2p bands are visible in the 4-8 eV binding energy region. Upon cooling

down to 120 K, no major changes in the band dispersions have been observed except

the small band narrowing at low temperature. The density of states corresponding

to Fe 3d are bit narrower at 120 K and forms a weakly dispersing and low intensity

band about 1.5 eV below Fermi level. The O 2p bands also get narrower at 120 K

relative to 300 K. The band narrowing is clearly shown in Fig. 7.11(c) using the

Chapter 7. Growth and Characterization of FexO



7.4. Summary 152

ARPES energy distribution curves at Γ for both 300 K and 120 K temperatures. All

the features A, B, and C are narrower with reduced peak width at 120 K, possibly

due to the reduced phononic contribution. Moreover, a gap of ∼0.1 eV at the valence

band-edge [see the inset of Fig. 7.11(c)] indicates the enhanced insulating nature of

FexO at low temperature is consistent with the paramagnetic to antiferromagnetic

transition. Apart from the persistence of short-range antiferromagnetic order above

TN , the presence of Fe2+ vacancy induced Fe3+ ions can leads to ferromagnetic

interaction between Fe2+ and Fe3+ as well. Despite the absence of exchange scattered

half-order spots it is expected that there exists an antiferromagnetic ordering as

suggested our ARPES results as well as the bulk magnetic property studies in the

literature. Moreover, almost identical band structure was observed for both PM and

AFM phases in presence of long-range AFM order in prototype systems such as NiO

and CoO supports our findings [56, 57]. The exchange scattered LEED intensities

strongly depends on the arrangement of magnetic moments as well as on the surface

crystal structures. Moreover, the Fe2+ vacancy-induced ferromagnetic interaction

can also lead to the noncollinear spin arrangement near the vacancy sites. Further

experiments and theoretical calculations are necessary for a complete understanding

of this system.

7.4 Summary

The growth of FexO film on Ag(001) has been performed at different growth and post-

growth treatment conditions to obtain the well-ordered FexO film with minimum

Fe2+ deficiency. The growth at 473 K substrate temperature and 5×10−8 mbar

oxygen partial pressure show under stoichiometric FexO film with diffuse p(1×1)

LEED pattern. The stoichiometry improves significantly upon post-growth oxygen

annealing at higher temperature and oxygen partial pressure, however, there appears

different superstructure depending upon the post-growth treatments. The coverage
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dependent XPS and LEED study reveals the under stoichiometric features at low film

coverage and the strained p(1×1) LEED pattern at higher coverages, respectively.

The stoichiometry of the 9 ML FexO film has been estimated using the Fe 3p spectra

considering both Fe2+ and Fe3+ contributions. The estimated stoichiometry is found

to be Fe0.84O and is consistent with the Fe 2p core levels and the corresponding satellite

positions as well. Further, FexO was grown on 5 ML MgO/Ag(001) to investigate the

effects of MgO spacer layers on the growth of FexO overlayers. Here, all the growth

were performed at 473 K with an oxygen background pressure of 7×10−9 mbar. The

coverage dependent LEED and XPS study show the well-ordered p(1×1) pattern and

improved stoichiometry (Fe0.92O) with enhanced Fe2+ shake-up satellite intensity,

respectively. The FexO/MgO interface chemistry was probed by the evolution of

Mg 1s core level with FexO film coverage. Temperature dependent ARPES results

show no major changes in the band dispersion except the band-edge shift at the low

temperature which is an indication of paramagnetic to antiferromagnetic transition.

In addition to that, there might be Fe2+ vacancy induced ferromagnetic interaction

between Fe2+ and Fe3+ making the magnetic behavior even more complex. Further

experiments and theoretical calculations considering the Fe2+ vacancies are necessary

to understand more insight of the magnetic behavior of FexO.
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Incommensurate growth of Co on Ag(111)

8.1 Introduction

Study of magnetic thin films since last few decades has been an area of immense

interest due to its technological applications. Magnetic thin film in the monolayer

regime shows enhanced magnetic moments at the surface and interfaces relative to the

bulk moments of the material. Thin layer of ferromagnetic Co is a promising candidate

for its potential use like magnetic sensor in the magnetic storage technology [40]

etc. Moreover, strong out of plane magnetic anisotropy opens up its magneto-

optical applications [41,42]. However, to utilize these properties one has to better

understanding of the crystalline structure of the film and the interfaces. Growths of

ultrathin Co film on several closed pack polar substrates are controversially described

by several groups. At low coverage, two atomic layered polygonal islands of Co on

Au(111) and subsequent lateral growth with increasing film coverage was studied

by Scanning Tunneling Microscopy (STM) [43]. A temperature dependent growth

shows three different shapes of islands of Co on Pd(111) in the different temperature

range at low coverages [44]. The Pulsed laser deposition study [46] of Co/Cu(111)

system describes the layer-by-layer face centered cubic (fcc) growth of Co up to 6 ML

coverage, above this critical coverage, growth exhibits a structural phase transition

from fcc to more energetically favorable hexagonal close packed (hcp) structure.
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There are several studies available on the structural evolution and magnetic behavior

of Co film on Ag(001) surface [231–233]. However, there is only one report [45]

available on the growth and structural evolution of Co on Ag(111) to the best of

our knowledge. They have shown an incommensurate low temperature growth of

Co/Ag(111) up to 2 ML film coverage with corrugated Moiré pattern, with increasing

coverage, commensurate growth was observed with decreasing Moiré reconstructions.

Here, we have shown the incommensurate growth of Co thin film on Ag(111) and

the evolution of the surface geometric structure of the film with increasing coverage

using LEED and XPS studies. The core level electronic structure was investigated by

XPS study. To investigate the valence band electronic structure of the film, coverage

dependent ARPES experiments were performed at Γ of the surface Brillouin zone of

the Co(111) film.

8.1.1 Coverage dependent LEED study

All the experiments were performed in an ultrahigh vacuum (UHV) system having a

base pressure better than 8×10−11 mbar. Different coverages of Co films were grown

on clean Ag(111) single crystal at room temperature (RT) in the similar manner

as described for the oxide growth earlier in the chapter. The evolution of LEED

pattern with increasing film coverage is shown in Fig. 8.1. A well-ordered p(1×1)

incommensurate LEED pattern was observed for 1 ML Co film on Ag(111) as there is

a relatively less intense extra spot at a larger distance from the center of the surface

Brillouin zone with respect to the p(1×1) pattern. These low intense extra spots

correspond to the Co overlayer deposited on clean Ag(111) because the smaller surface

lattice parameter of hcp Co(0001) plane (2.51 Å) in reciprocal space will be in a longer

distance than the Ag(111) surface lattice parameter (2.89 Å). A closer inspection of

the lower film coverage (up to 2 ML) reveals the 6-fold Moiré reconstructions around

each Ag spot [see the inset of Fig. 8.1(a)]. Similar Moirè structures were already
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observed in several Co growth studies on different substrates [45, 234]. They have

observed a Co bilayer islands growth with the orientation of (0001) facet parallel

to the surface. These incommensurate islands growth resulting in the 6-fold Moirè

pattern influenced by the underlying Ag(111) substrate. The lattice strain-field causes
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Figure 8.1: Fig. (a)-(e) represents the coverage dependent LEED study at 65 eV primary
beam energy. Up to 2 ML coverage, 6-fold Moiré patterns were observed at high gain and
exposure time [inset of Fig. 8.1(a)]. Above 2 ML coverage, no Moiré pattern was observed
[inset of Fig. 8.1(c)] but the Ag spots were observed till 10 ML film coverage. (f) Surface
lattice strain (lattice misfit) was plotted as a function of film coverage. Almost a constant
strain (13%) was found in the whole range of film coverage.

a periodic height undulation of the sub-angstrom regime of the film in the low film

coverage which may also cause the formation of 6-fold Moiré reconstructions. Beyond

2 ML coverage, no such 6-fold patterns were observed even at maximum gain and

exposure time [see the inset of Fig. 8.1(c)]. With increasing Co coverage, the intensity

of these spots enhanced and the inner Ag spots intensity gradually attenuates. After

10 ML, Ag spots completely attenuate, i.e., the Co layers wet the whole Ag(111)

surface along with bulk-like 3D islands growth. This non-pseudomorphic growth can

be understood using the lattice strain measured from the relative position shift of

the spots with incident electron beam energy. Almost a constant strain ( 13%) [Fig.
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8.1(f)] in the whole coverage range and a bulk-like relaxed growth from the first ML

itself supports the non-pseudomorphic growth.

8.1.2 Coverage dependent XPS study

The role of surface structure and kinetics in the growth of Co films on Ag(111)

substrate is an important aspect need to be addressed to understand the growth

mechanism properly. A simple consideration of surface diffusion and surface free-

energy differences explains why a layer-by-layer growth is unlikely to occur for this

system [231]. The bimetallic interface chemistry and the electronic structure can be

substantially modified in reduced dimensions relative to the bulk counterpart. The

core level XPS measurements were performed to investigate the electronic structure

and growth mode of ultrathin Co film on Ag (111). The binding energy positions of

the Co 2p3/2 and Co 2p1/2 doublets at 778.4 and 793.3 eV, respectively with a spin-

orbit splitting of 14.9 eV [Fig. 8.2(a)] are in good agreement with the literature [235].

Further, the well-shaped Co 2p doublet, without any satellite ruled out the possibility

of Co-Ag alloy formation at RT unlike the case of Mn/Ag(001) system [236]. The

coverages of the films were estimated using XPS [237]. The estimated film coverage

is quite consistent with the deposited coverage up to 10 ML as shown in Fig. 8.2(b).

Beyond this coverage, they deviate due to the finite mean free path, which is a

function of the kinetic energy of the photoelectron. Despite the coverage consistency,

we cannot conclude here about the growth mode as the photoemission intensity

provides the collective information from the macroscopic sample surface. The XPS

data can also provide further insights into the growth of Co on Ag(111). The relative

area under the curve of Co 2p3/2 increases almost linearly up to 5 ML [see the inset

of Fig. 8.2(b)]. Simultaneously, the curve for Ag 3d5/2 decreases linearly till 5 ML.

In case of typical layer-by-layer growth, one expects to have breaks in the slope

during completion of each monolayer or when the growth mode changes from one to
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Figure 8.2: (a) Coverage dependent XPS study using monochromatic Al Kα, 1486.7
eV. (b) Comparison of coverage measured by XPS and deposited coverage. The intensity
variation of Co 2p3/2 and Ag 3d5/2 with film coverage are shown in the inset.

another [238]. Thus, the smooth intensity variation with the absence of any sharp

breaks in the slope suggests a similar growth mode at least up to 5 ML. Above 5 ML

coverage, the Ag signal drops discontinuously with Co coverage and almost vanishes

around 20 ML coverage. Simultaneously, the intensity of the Co 2p3/2 increases up

to a coverage of 20 ML where the intensity reaches almost its saturation value since

the Co film has become substantially thicker than the photoelectron mean free path.

The overall nature of the growth curves appears to differ from the layer-by-layer

growth mode. Even though XPS is not very conclusive in this regard, LEED also

suggested the non-pseudomorphic bulk-like 3D islands growth. Microscopic studies

are necessary to look into the more details of the growth mechanism which is beyond

the scope of this thesis.

8.1.3 Valence band electronic structure: ARPES study

The controlled fabrication of elemental materials offers new phases that either do

not exist in nature or that exist only under extreme conditions of temperature
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and pressure. These new phases have a significant interest in both scientific and

technological fields due to their exotic electronic and magnetic properties. Bulk Co

has hexagonal closed pack (hcp) structure at RT and transforms into the face-centered

cubic (fcc) structure above 700 K [239], accompanied by the drastic change of the

magneto-crystal anisotropy. Investigating electronic structure of fcc Co using ARPES

is extremely difficult at such a high temperature. Thus by growing fcc Co films, one

can study the electronic structure using spin and momentum resolved photoemission

spectroscopy at RT. We have probed the valence band electronic structure of Co(111)

film using ARPES with He Iα (21.2 eV) photons. The second derivative of the

ARPES data, extracted following Zhang et al. [148] for a better visualization of the

weakly dispersive features. The band dispersion along Γ-K direction of 5 ML Co on

Ag (111) is shown in Fig. 8.3(a). Near Fermi level, Co 3d valence band splits up into

two bands at the most symmetric Γ point of the surface Brillouin zone of Co(111).

The spectral features corresponding to these bands are assigned as ‘A’ and ‘B’ in as

shown in Fig. 8.3(b) using ARPES spectra at Γ point. The feature ‘A’ indicates the

beginning of the Fermi edge, appears in the surface photoemission from electronic

states right at EF . It is also important to mention that the presence of the feature

‘A’ near 0.2 eV indicates the formation of well-ordered Co layers since Heimann et

al. [240] have found that this feature is absent in polycrystalline Co. The feature

‘B’ is originated due to the direct transition to the photoemission final state from

the initial majority-spin d bands [240]. The energy gap of 0.7 eV between the band

feature ‘A’ and ‘B’ seems consistent with the magnetic exchange splitting of 1 layer

of Co on Cu(111) at Γ point [241]. Further, the magnetic exchange splitting (0.85 ±

0.02 eV) of upper d band at Γ point of Co(0001) single crystal is also close to our

observed value [242]. This clearly indicates that magnetic exchange splitting of 5

ML Co on Ag(111) is similar to that of the bulk Co as both hcp and fcc are closed

pack structure. Ag 4d bands are visible within 4 to 6 eV below the Fermi level with

a strong contribution from the exposed area of Ag(111) surface. Intensity behaviors

Chapter 8. Growth of Co thin films
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Figure 8.3: (a) ARPES band mapping of 5 ML Co/Ag(111) using He Iα (21.2 eV).
Magnetic exchange splitting (0.7 eV) of Co 3d was observed at Γ. (b) ARPES spectra at Γ
for different film coverages. Zoomed-in view of the features ‘A’ and ‘B’, near Fermi level
are shown in the inset.

of these bands with increasing film coverage are shown in Fig. 8.3(b). Three features

in the Ag 4d band specified by ‘C’, ‘D’, ‘E’ which are gradually decreasing with

increasing Co coverage, as Ag get buried for higher film coverage, conversely Co 3d

bands get enhanced with increasing film coverage. So, the presence of intense Ag

bands even at 5 ML Co coverage suggests that it is not a layer-by-layer growth as

observed in LEED.

8.2 Summary

In this chapter, growth and electronic structure of Co metal on close packed Ag(111)

has been investigated. The incommensurate well-ordered growth of Co film on Ag(111)

surface was studied by LEED, XPS, and ARPES techniques. For lower film coverages,

we observed an incommensurate p(1× 1) LEED with the formation of 6-fold Moiré

patterns. At higher coverage, bulk-like 3D islands growth was observed as it takes 10

Chapter 8. Growth of Co thin films
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ML Co to wet the Ag(111) surface completely. For a better understanding of the

growth mechanism, one has to use microscopic techniques like Scanning Tunneling

Microscopy (STM). A systematic coverage dependent XPS study confirms the well-

ordered growth without any inter-diffusion or surface alloying between the film and

the substrate. Valence band electronic structure of Co(111) film shows the magnetic

exchange splitting (0.7 eV) of Co 3d band at Γ point.

Chapter 8. Growth of Co thin films
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