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Synopsis

Antiferromagnetism in lower dimension - Surfaces and 2D systems: Mag-

netism of thin films, specially the surface magnetism of metal and metal oxide

films are one of the most attractive topics of surface science research now-a-days.

Surprising properties of two-dimensional magnetisms and their vast applications in

device synthesis and in different fields of material research have made the study of

2D magnetism more interesting. Techniques like magnetic force microscopy (MFM),

spin polarized low energy electron microscopy (SP-LEEM), spin polarised photoemis-

sion (SP-PES), Magneto Optical Kerr Effect (MOKE) microscopy, Spin Polarized

Scanning Tunneling Microscopy (SP-STM) and x-ray magnetic circular dichroism

(XMCD) are well established for their capability to probe surface ferromagnetism of

bulk materials and thin films. On the other hand, probing surface antiferromagnetism

is quite challenging due to their lack of net magnetic moment. It is also important

and interesting to study the details of surface electronic structure of antiferromagnetic

materials and correlate them to their surface magnetism. When discussing about

surface magnetism i.e. low dimensional magnetism the following points are important.

First of all, any change in the electronic state occupation results in a change of surface

magnetic moment. Lower atomic coordination results in band narrowing leading to a

further modification in surface moments. From atomic perspective one expects these

moments to increase at the surface since the dimensionality of the surface atomic

layer is in between bulk and isolated atoms. Secondly, from statistical mechanics per-

spective, the average surface moment at non-zero temperature is expected to decrease.

For surfaces a loss of magnetic neighbor represents weakening of exchange interac-

tion, which results in a significant decrement in magnetic order with temperature, a

changed ordering temperature and a change in critical behavior compared to bulk.

Third, the broken translational symmetry along the normal direction to the surface

makes the orbital momentum along this direction less quenched and making the spin
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orbit coupling stronger leading to large magnetic anisotropy at surfaces. This can

dominate over the system’s magnetic anisotropy and force the easy magnetic direction

of the sample to be oriented towards perpendicular to the sample surface. Fourth,

the surface antiferromagnetism is strongly dependent on the physical structure of the

film surface; the flat or multilayer growth mode, surface alloying, defects, step and

step-edges, terraces formation etc. These interesting aspects provoke deeper studies

in surface antiferromagnetism in their reduced dimension. As case studies, two types

of model antiferromagnetic thin film systems, A) an insulating transition-metal oxide,

Nickel oxide (NiO) thin films and B) an elemental transition metal Cr monolayer film.

NiO is a prototype bulk antiferromagnet, well known as a wide band gap insulator.

This mono-oxide has simple crystallographic structure, its magnetic structure is

not simple though and hence it attracted many research studies on its magnetic

and electronic structures since decades. Cr, on the other hand, is known as spin

density wave (SDW) antiferromagnet having quite complex magnetic structure in its

bulk format [1]. When deposited as one monolayer overlayer its magnetic structure

becomes commensurate with giant enhancement of magnetic moments [2,3]. The

electronic structure (mainly the 3d valence band) shows a drastic change at reduced

dimension of the film. Both these systems, the first one, a 3D antiferromagnet (when

deposited as ultrathin film one may consider as a quassi-3D system) and the second

one, a purely 2D antiferromagnet are two extremely interesting prototypical systems

and their growth, structure, electronic and magnetic structures are the main focus of

this thesis. The general discussion of surface antiferromagnetism will be discussed in

thesis chapter 1.

Experimental techniques and methods: The electronic structure measure-

ments have been performed using the photoemission technique in the ARPES (Angle

Resolved PhotoEmission Spectroscopy) laboratory at Saha Institute of Nuclear

Physics, Kolkata [4]. The valence band and the core levels are excited by ultra-

violet and x-ray photons respectively resulting in UPS (Ultraviolet Photoemission
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Spectroscopy) and XPS (X-ray Photoemission Spectroscopy). The ARPES set-up

is made of mainly three vacuum chambers, (1) Load Lock chamber, the entrance

chamber for any sample from atmospheric ambient pressure to high vacuum (HV),

1x10−9 mbar. (2) Preparation chamber, where the sample can be cleaved, sputtered,

annealed at required temperatures, thin films are deposited on chosen substrates; this

chamber consists of a four-grid Low Energy Electron Diffraction (LEED) instrument

which helps in determining the crystalline quality of the sample as well as their

crystalline directions. (3) Analysis chamber, which is composed of monochromatic

Al Kα x-ray source (photon energy: 1486.7 eV) and ultraviolet photon sources He

Iα (21.2 eV) and He IIα (40.8 eV). The VG SCIENTA-R4000WAL electron energy

analyzer with 2D-CCD detector is there attached to the analysis chamber which

resolves the photoelectrons according to their kinetic energy (Ek) and emission an-

gles (θe). Imaging the antiferromagnetic nanodomains of NiO films were performed

by using mainly two techniques: (1) the well established, X-ray Magnetic Linear

Dichroism-PhotoEmisssion Electron Microscopy (XMLD-PEEM), where plane po-

larized x-ray is used to probe the surface antiferromagnetic domains; (2) the new

approach, Antiferromagnetic Low Energy Electron Microscopy (AFM-LEEM), where

low energy electrons are used to probe the surface antiferromagnetism of the sample.

These magnetic imaging experiments were performed at Nanospectroscopy beamline

of Elettra synchrotron, Italy [5]. Some of the magnetic studies e.g. the intensity

variation of the antiferromagnetic half-order spots in Low Energy Electron Diffrac-

tion (LEED) with sample temperature in both cases of NiO and Cr film at different

film thickness are performed by regular four-grid LEED apparatus in the ARPES

laboratory with high sensitive CCD camera in order to study thickness dependence

of the magnetic ordering Néel temperature (TN). The detail of the techniques used

for different measurements has been discussed in chapter 2 of this thesis.

Growth of monolayer Cr film on Ag(001): This chapter discusses the details

of the growth of antiferromagnetic Cr film and its strong dependence on growth
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Figure 1: LEED of Cr 1 ML film grown on Ag(100). Growth temperature RT; at beam
energy (a) 40 eV (b) 23 eV. Growth temperature 428 K; at beam energy (c) 40 eV (d) 23
eV.

conditions. In case of the growth of 1 ML antiferromagnetic Cr film on Ag(001), the

substrate surface quality is a vital parameter since the stability of the overlayer’s

physical structure and magnetism strongly depends on the growth mechanism of

the film. BCC (body centered cubic) Cr with its lattice parameter 2.88 Å grows

on Ag(001) pseudomorphically [6] with lattice mismatch less than 0.3%. At room

temperature deposition Cr grows in multilayer structure from the early stage [7].

On the other hand, at higher temperature deposition an increased surface mobility

helps in flat growth of Cr film on Ag(001) [8]. At very high temperature there occurs

alloy formation destroying epitaxial quality. Rigorous studies have been performed

to optimize the best growth condition for a flat 1 ML Cr film. How different growth

parameters like growth temperature, deposition rate, direct and step wise growth and

substrate surface quality affects the growth procedure have been discussed in this

chapter in detail [9]. The segregation of Ag atoms on Cr monolayer film under high
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temperature deposition [6,10,11], the interlayer intermixing under thermal treatment

has also been focussed [12]. In figure 1(a) and (b), the LEED of 1 ML Cr film grown

on Ag(001) at RT has been shown for 40 and 23 eV respectively where no half-order

spots are visible. Whereas in figure 1(c) and (d) c(2×2) half orders are visible for

flat 1 ML Cr film grown at 428 K at same beam energies. Appearance of these half

orders is trace of 2D antiferromagnetism persistent in the film. This chapter deals

with standardizing various growth parameters to prepare the flat antiferromagnetic

monolayer Cr film over Ag substrate in correlation with the physical structure of the

film. In chapter 3, the details on the flat monolayer growth of antiferromagnetic Cr

layer has been discussed.

Structure of antiferromagnetic Cr monolayer on Ag(001): The surface

energy of Cr (= 2400 mJ/m2) is much higher than that of the Ag substrate (= 1250

mJ/m2). According to Bauer’s criterion [13], a flat growth mode (surface wetting) is

favored when the surface free energy of the deposited metal is sufficiently lower than

the free energy of the substrate, under thermodynamic equilibrium. For this reason,

instead of the growth of a flat Cr overlayer, one may have the growth of multilayer

domains or islands, or even a flat layer of Cr buried under one or more Ag layers, if

the kinetic barriers can be overcome. It is crucial to have a detailed idea about the

structure of Cr film at its ultrathin (sub-monolayer) film thickness range is as we find

that its magnetic properties have intimate correlations with its physical structure.

The structure of the film depends on different growth modes which can be achieved

at various deposition conditions. Chapter 4 consists of experimental proof of the

antiferromagnetic Cr monolayer being sandwiched between p(1×1) monolayer Ag on

top and Ag(001) crystal at bottom, which is supported by theoretical calculations.

Electronic structure and magnetism of monolayer Cr film: At reduced

dimension, in the form of monolayer flat film, the giant enhancement of magnetic

moments of Cr sites stabilizes a c(2×2) structure with commensurate surface antifer-

romagnetism. The 3d valence electrons which manipulate the magnetic behavior of Cr
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Figure 2: ARPES line spectra of 1 ML Cr/Ag(100) at osition (a) deposited at RT(300 K)
(b) deposited at 428 K (c) After post deposition anneal at 428 K for 30 min. (d) After
post-deposition anneal at 453 K for 30 min.

film have binding energy that lies within the 0-2 eV mainly where there exist no other

Ag bands except the sp bands. Cr d bands have negligible electronic hybridization

with Ag bands and hence they are almost unaffected by the substrate electronic

structure. As per LEED study Cr monolayer shows antiferromagnetic half orders in

the sub monolayer film thickness range and vanishes with increasing film thickness

close to 2 ML. The valence band structure of flat 1 ML antiferromagnetic Cr film

is completely different compared to its paramagnetic phase in thicker films [14]. In

figure 2, the ARPES line profile of valence band structure at Γ position for different

growth and post deposition annealing temperatures. The room temperature prepared

film [spectra (a)] consists of mostly multilayer islands and few small monolayer

terraces. The valence band electronic structure is a mixture of both paramagnetic

and antiferromagnetic phases. A band crossing the Fermi level implies metallicity of
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Figure 3: Cr 3d valence band along (a) Γ to X. (b) Γ to M symmetry points. Source He
Iα (21.2 eV).

the film [dispersion not shown here]. The film grown at 428 K on the other hand

[spectra (b)] shows two well resolved antiferromagnetic 3d bands Γ5 and Γ1 at 1.1 and

1.4 eV binding energy positions [15]. When this film is annealed at 428 K for 30 min

[spectra (c)] the intensity of these anitferromagnetic bands decreases. The c(2×2)

half-order spots disappear in LEED. Annealing at further higher temperature (453

K) [spectra (d)] results in almost uniform intensity within the 0-2 eV binding energy

which indicates complete destruction of antiferromagnetic phase. This is a result of

Cr-Ag intermixing/alloying at the top surface which destroys the crystalline quality

as well as the electronic structure of the film. A thickness dependent study of valence

band electronic structure of Cr film was also performed, where we observed maximum

half-order intensity at 1.2 ML. In figure 3(a) and (b) the VB of Cr 3d probed by

ARPES using He Iα source are shown for two different symmetry directions. The

symmetry of the band dispersions indicates to the c(2×2) phase inherent in the 1.2

ML Cr film. A rigorous XPS study on the Cr 2p core level electronic structure was

performed at different film thickness.
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Figure 4: Temperature variation of c(2×2) half-order average intensity of 1 ML Cr film
showing an irreversible phase transition above 455 K.

It was theoretically predicted and experimentally demonstrated that there occurs

huge enhancement of magnetic moments (500-600%) at the surface of bulk Cr and

in reduced dimension as monolayer over a suitable substrate. Our experimental

results, as mentioned before, show appearance of very low intensity c(2×2) magnetic

superstructure in LEED whose intensity at 23 eV beam energy is only 2% with respect

to the integer order (1,0) spots (at 55 eV) while measured at RT [16]. These half-order

(1/2, 1/2) spots are visible distinctly within very low beam energy range of 20-40 eV

with a high exposure and high gain parameter of the 12-bit camera associated with

our LEED instrument. These magnetic spots originate from the exchange interaction

between the in plane Cr moments and the electron spin moments; hence much weaker

than the integer order spot intensities which are the results of coulomb interactions.

In figure 4, the temperature variation of LEED half-order average intensities are

shown for a 1.2 ML Cr film thickness at which we find the maximum half-order

intensity. Experimental data shows that when sample temperature in increased from

225 K to 373 K intensity falls down linearly but it recovers back to its initial value
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when film is cooled back to low temperature. On the other hand, increasing the

sample temperature upto 455 K leads to complete disappearance of the half-order

spots which is an irreversible process upon cooling down the sample. The Cr-Ag

intermixing procedure destroys the structural quality of the film completely which

results in rupturing the in-plane commensurate antiferromagnetic ordering of the Cr

moments above the critical phase transition temperature 455 K. The magnetic as

well as electronic structure of 1 ML AF Cr overlayer is discussed in chapter 5 of this

thesis.

Growth of NiO film on Ag(001): characterization of electronic struc-

ture: NiO has simple rocksalt structure with stable ionic bonding between Ni and

O atoms. Hence its surface free energy is lower compared to any noble metal surface.

Therefore, as per Bauer’s criterion, it is expected that NiO will wet the metal surface

to stabilize surface free energy. The face centred cubic Ag(001) crystal has a surface

lattice constant of 4.089 Å whereas NiO with its inter-penetrating fcc structure has

a lattice parameter of 4.17 Å [17], so there is a lattice mismatch of 2% only, which

helps NiO to grow on top of Ag(001) in layer by layer fashion with small amount of

interfacial strain. Before the deposition of NiO film the preparation of highest quality

substrate is an important parameter for MBE growth and also to minimize the number

of terraces, domains and step-like structures on the substrate surface. The Ag(001)

crystal substrate is prepared by repeated cycles of Ar+ ion sputtering for 15 min

followed by annealing at 823 K for 30 min. The sputtering and annealing procedure

is repeated until a bright and sharp p(1×1) four-fold LEED pattern is observed. The

Ar+ sputtering digs out layers from the surface of the Ag(001) single crystal exposing

fresh layer at the top. Sputtering ruptures soft metal surface degrading the surface

crystalline quality. A high temperature annealing recovers the crystalline quality via

lattice vibration. Nickel is evaporated from an effusion cell at a rate of 0.2 ML/min

holding the crystal at 473 K in oxygen environment (pressure: 7x10−6 mbar). The

deposited film is then annealed at 573 K for 30 min in the same oxygen pressure.
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Figure 5: (a) LEED of 10ML NiO/Ag(100), beam energy: 60 eV. (b) 3D intensity profile
of the (-1,0) LEED spot. (c) the mosaic structure formation in NiO film due to misfit
dislocation is shown.

This improves the crystalline quality of the film better as confirmed from LEED.

A good quality NiO film produces sharp p(1×1) four-fold LEED pattern following

the Ag(001) substrate. The crystalline structure and quality of the film can be well

controlled by varying the nickel to oxygen stoichiometry by controlling the oxygen

pressure while the film is deposited. Higher temperature growth helps to improve

the crystalline quality of the deposited film reducing number of defect sites. However

the sticking coefficient of oxygen decreases at sufficiently high temperature (above

623 K) resulting in the growth of a NiO film with sufficient amount of un-reacted

metallic nickel left in the film as per earlier reports [18]. However, our experimental

observation reveals that RT grown films shows four extra satellite spots along <001>

directions surrounding each LEED spot [shown in figure 5(a) and (b)] which signifies

formation of mosaic structures [19] [shown in figure 5(c)] on Ag(001) surface. A post

deposition anneal reduces the four fold background making the surface quality better.

Therefore it is important to find out an optimum growth condition for smooth and
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defect free growth of the film. Under mild Ar+ ion sputtering oxygen vacancy defects

are created mainly on the surface of the film which creates circular ‘halo’s surrounding

each LEED spots [not shown here]. Under vacuum annealing the film at 573 K for

30 min the oxygen vacancy defects at the film surface are partially compensated by

oxygen atoms diffusing out the bulk of the film which results in reduction of halo

region and FWHM of each spot. Under annealing treatment in oxygen environment

almost all the defect sites are removed from the film surface resulting in smoother

defect free surface as evident from sharper LEED spots. LEED IV calculation in

accordance with experimental results can predict the detailed surface structural

information. This thesis contains elaborative description on the growth and structure

of NiO film.

Being well-known as a prototype strongly correlated insulating system the elec-

tronic structure of NiO has always been an interesting research topic. There is

strong on-site d-d coulomb interaction between the nickel 3d electrons (Udd). This

prompts electronic localization in this system resulting in the insulating behaviour

of this transition metal mono-oxide. The electronic ground state of NiO is Ni 3d8

O 2p6 at its purely ionic picture. The Ni 3d orbitals are strongly localized and well

hybridized with O 2p orbital. The on-site Coulomb interaction (Udd) is defined as

the energy needed for transition from d8d8 to d7d9 state, i.e. the energy required

for hopping of one electron from one Ni site to another. The charge transfer energy

(∆) is the energy required for d8 to d9L transition, i.e. the energy needed for an

electron transfer from oxygen 2p orbital to transition metal 3d orbital. Here ‘L’

stands for a ligand (oxygen) hole. The one electron band theory can not explain

the insulating nature of this material since it does not consider the on-site Coulomb

term U. The local density approximation of density functional theory taking into

account of the coulomb potential (LDA+U) reveals that there is 4 eV band gap

in NiO. Since long time NiO was believed to be a Mott insulator [20], but later it

was well established that the charge transfer energy ∆ in NiO being smaller than U
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Figure 6: ARPES line spectra at Γ position for NiO film of different thickness probed by
(a) He Iα and (b) He IIα.

it should be called a charge transfer insulator. In figure 6(a) and (b) the ARPES

valence band line profile at Γ position of NiO films for various thicknesses are shown

alongwith the Ag(001) valence band line profile probed by He Iα and He IIα photon

sources respectively. In case of bare Ag substrate the d bands are prominent from

4 to 8 eV binding energy range. The Ni 3d bands appears close to 2 eV binding

energy which lies within the binding energy window where no Ag band exists at Γ

position, and hence these bands are visible starting from the lowest NiO film thickness

shown in the data. On the other hand, the O 2p bands appear close to 5 eV binding

energy and hence become prominent when thicker oxide films are deposited [21].

The Ni 2p and O 1s core level photoemission data are shown in figure 7(a) and (b)

respectively for different film thickness. The core hole created by the photoemission

process repels the holes of the partially filled 3d orbital; electrons are contributed

by the surrounding oxygen ligands to the Ni atoms in octahedral symmetry. The

photoemission final states created are hence mixed states |φf> = |c−1d9L−1> +
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Figure 7: XPS of NiO at different film thickness (a) Ni 2p. (b) O 1s.
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|c−1d10L−2> + |c−1d8>, where L−1 represents a hole created in ligand orbital and

c−1 is a core hole created in photoemission process [22]. Different peaks are denoted

for Ni 2p and O 1s spectra. The growth and thickness dependence of the electronic

structures and their temperature dependence are narrated in chapter 6 of the thesis.

Magnetic structure of epitaxial NiO film: The moments associated with

the nickel atoms are arranged in such an order that along the <111> direction

the spin-up and spin-down nickel layers are separated by oxygen atomic layers in a

perfect NiO single crystal. Having a cubic structure NiO has four symmetric <111>

antiferromagnetic directions. There exists four Twin (T) domains in NiO single crystal

called T1, T2, T3 and T4 labeled by four different directions (111), (111), (111) and

(111) respectively normal to those planes. In each T domain there are three possible

directions along which the Ni moments are antiferromagnetically aligned forming

Spin (S) domains [23]. In case of NiO, thin films the twin as well as spin domain sizes

are dominated by the physical grain size. Having zero net magnetic moment (−→M=0)

there are only few techniques available for probing the domains of antiferomagnetic

materials. We have used two dedicated techniques for imaging the antiferromagnetic

domains of NiO thin film deposited on top of Ag(001) substrate. First one, X-

ray Absorption Spectroscopy (XAS) performed with plane polarized x-ray at Ni

L2 edges, called XMLD (X-ray Magnetic Linear Dichroism) where the absorption

cross-section between different multiplet peaks depends on the angle between the

magnetic moments with the light polarization vector a well as with the lattice planes.

The ratio between the multiplet peak intensity values i.e. IXMLD = |IL2a/IL2b| is

the resultant XMLD signal. XMLD directly probes the magnetic anisotropy or the

measure of expectation value <−→M2>. The dependency of the XMLD intensity on

the angle between the plane of polarization and the expectation value <−→M2> can be

expressed by: IL = I0 - C <−→M2> (3cos2θ - 1) where θ is the angle between <−→M2>

and −→E (the plane of polarization). Microscopic images of the magnetic domains

were collected using photoemission electron microscopy (PEEM) using the XMLD
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contrast to generate the images [24,25]. The magnetic unit cell in NiO is double

than that of its chemical unit cell because of its antiferromagnetic spin arrangement.

Low energy electrons are exchange scattered from the Ni moments in the sample

which produces four-fold p(2×2) weak intensity (2% compared to integer orders)

half-order spots in the LEED pattern. The second technique, Antiferromagnetic low

energy electron microscopy (AFM-LEEM), where the dark field imaging technique

using the half-order electrons probes the antiferromagnetic domains with quite better

resolution and thus is more efficient in probing the tiny magnetic nanodomains of

NiO thin film [26,27]. The antiferromagnetic origin of the half-order spots becomes

evident as their intensity decreases with increasing sample temperature eventually

vanishing near 523 K which is the Neel temperature (TN ) of NiO single crystal. The

antiferromagnetic strength and hence TN of the sample varies with film thickness.

Selecting a single half-order spot by a contrast aperture electron microscopy was

performed in LEEM instrument which probes one set of antiferromagnetic twin

domains. In figure 8, the AF domains of NiO film at its different film thickness (6, 18,

40 and 60 ML) are shown where domain evolution can be understood with increasing

film thickness. The domains probed by x-ray are shown in the top row in comparison

with the same domains probed by unpolarized electrons at the bottom. In chapter 7,

a rigorous study on the magnetic structure of NiO film and its thickness dependence,

the Néel temperature variation with film thickness and the effect of vacancy defect

on magnetic strength of the film are discussed.

Effect of oxygen vacancy defects on the electronic structure and mag-

netism of NiO film: In chapter 8, the creation of oxygen vacancies and metallic

nickel states at the NiO/Ag(001) film surface and its effect on the valence band

and core level electronic structure have been studied. While the oxygen vacancies

in NiO films can be produced by UHV annealing at high temperature as well as

mild Ar+ sputtering; metallic NiO states are only produced in the film by severe

sputtering process. Angle dependent photoemission studies provide an idea about
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Figure 8: Top row shows AFM-LEEM images of the antiferromagnetic twin domains
of NiO films of thickness (a) 60 ML (b) 40 ML (c) 19 ML and (d) 6 ML. Bottom row
shows the XMLD-PEEM images of (e) 60 ML (f) 40 ML (g) 18 ML NiO film. Figure (h)
represents the thickness dependence of domain size.

the distribution of defect densities at various depths of the oxide film. The effect

of UHV and oxygen annealing on the electronic structure of the film has also been

reinvestigated.

Removal of oxygen atom affect the superexchange interaction between the up-

spin and down-spin Ni atoms in the crystalline NiO film and thus decreasing the

antiferromagnetic order and strength of the film which is reflected in the Néel

temperature decrement. The temperature dependency of the LEED half-order

intensity shows consistent decrement of TN value with increased oxygen vacancy

concentration at the NiO film surface.
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1
Antiferromagnetism in lower dimension:
Surfaces and 2D systems

1.1 Introduction

The topic of magnetic properties of surfaces, thin films, multilayers and superlattices

is of tremendous scientific and economic importance, not only for the well-known

data storage devices but also for the future electronics, which may utilize the

spin of electrons in addition to their charge. Surfaces, interfaces, thin films and

nano-structures often display magnetic properties fundamentally different from the

properties of bulk crystals, which are thus important to understand principles

of magnetism at reduced dimensions. Recent experiments probed local magnetic

moments (and their temperature dependencies) of films at their surfaces/interfaces,

small clusters, as well as nanowires, nanodots, and single atoms deposited on solid

surfaces [1, 2].

Surface magnetism is inseparably connected to the magnetism in ultrathin films.

Even the surface of a paramagnet can become magnetic after growing a ferromagnetic

thin film on top of it. Our initial knowledge of magnetic surfaces comes from the

theoretical analysis of ultrathin film slabs, which are being used by theorists in

band structure calculations [3–5], and also from experiments with ultrathin magnetic

films [6–9].
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When discussing surface magnetism (or, more generally, low-dimensional mag-

netism) several phenomena should be considered. First of all, any change in the

electronic states occupation at the surface results in a change of the surface magnetic

moment. Lower atomic coordination results in band narrowing, leading to further

changes of the surface magnetic moment. From an atomic perspective, one expects

these moments to increase at the surface, which has dimensionality somewhere be-

tween bulk (nonmagnetic for most materials), monolayer, and isolated atoms (most

of which possess a net spin). Second, from a statistical mechanics perspective, the

average moment at nonzero temperature is expected to decrease. For magnetic

surfaces, the loss of magnetic neighbors represents a weakening of the exchange

interaction, which results in a stronger decrease of magnetic order with temperature,

a changed Curie temperature, and a changed critical behavior if compared to that

of a bulk material. Third, at the surface, the translational symmetry along the

axis perpendicular to the sample surface is broken. Thus the orbital moment is

less quenched than in the sample volume. Consequently, the spin-orbit interaction

becomes significant, leading to a large surface magnetic anisotropy that can dominate

the system magnetic anisotropy and forces the easy magnetization axis to be oriented

perpendicular to the sample in the case of ultrathin films.

However, before starting to discuss surface magnetism we should answer a fun-

damental question: what does surface mean and how thick is it? As per analogy, if

someone wants to carry out experiments on two-dimensional ferromagnets, the first

and most important question is how thin must the film be before its magnetic proper-

ties are two dimensional in nature? A commonly accepted criterion of magnetic two

dimensionality comes from the spin wave theory: the thermodynamic properties of a

film are those of a two-dimensional ferromagnet only if the lowest spin wave branch

is thermally populated. Following this argument, Mills [10] defined the ‘critical

thickness’ Nc and stated: the monolayer is a true two-dimensional magnet, and one

makes the transition to three-dimensional magnetism in only a few monolayers. In
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our discussion, we limit ourselves to surface phenomena that correspond to only the

very surface atomic layers.

The changes of magnetic properties at surfaces can be investigated by a variety

of experimental and theoretical techniques. Comparing experiment with theory,

however, is not an easy task. First, the local measurements of the magnetic quantities

(like magnetic moment or magnetic anisotropy) are quite difficult, and very often

the information cannot be obtained directly. Second, calculations usually refer to

simple model systems and therefore differ from real structures that are obtained

experimentally.

The spin of the electron is at the heart of magnetic and other electron correlation

phenomena in condensed matter physics. There is a multitude of experimental

techniques that probe the collective behavior of spins in solids and the interaction

of spins with other degrees of freedom. They all project out some observable of

electronic states but measures an ensemble average for others. Magnetic resonance

techniques operate directly in spin space and provide detailed information about the

magnetic moments and spin dynamics. Magnetic x-ray and neutron scattering are

highly sensitive to the magnetic ordering phenomena and spin structures in real space.

Sometimes, the persistent magnetism in a sample (surface or bulk) strongly affects

its electronic structure. Angle Resolved Photoemission (ARPES) then becomes an

useful tool which offers unique information especially for different magnetic systems.

It measures the energy and momentum of different magnetic states and therefore

sensitive to the spin structures in reciprocal space. In this thesis, ARPES has been

used rigorously for probing the band-dispersions of the valence levels in case of

antiferromagnetic thin films.
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1.2 Magnetism in low dimension

In last few decades, the availability of experimental techniques endowed with high

sensitivity with respect to the magnetic properties of ferromagnetic (FM) materials

has motivated a large amount of studies dedicated to the investigation of low-

dimensional FM systems consisting of small particles or films deposited onto either

nonmagnetic or antiferromagnetic (AFM) substrates. There are many techniques

available for the characterization of ferromagnetic materials, specially the surface

ferromagnetism such as MOKE, MFM, XMCD, SP-STM, SP-PES, SEMPA etc. The

net non-zero polarization present in ferromagnetic samples makes them easier to be

characterized both from microscopic and spectroscopic point of view. On the other

hand, in case of antiferromagnetic samples the lack of net moment and hence less

availability of useful techniques for their characterizations, left them neglected and

many of their interesting properties unexplored.

The interest in the surface AFM systems started due to the interesting properties

such as exchange-bias and interfacial exchange-coupling where the AFM surface/thin

films play a crucial role. Still, the studies were very much limited due to the lack of

experimental methods to study the surface AFM order. The difficulty is due to the

fact that the AFM systems do not posses any net magnetic moment and is difficult

to detect. You may mention that the classical methods to study the bulk AFM

systems such as SQUID, VSM etc could not be used effectively to study surface/thin

film AFM as the methods are bulk sensitive. Similarly, the Neutron diffraction is

also bulk sensitive and for ultra thin films, the sample volumes are much smaller

to give any measurable diffraction signals. There are a few experimental methods

based on scanning probe microscopy such as SP-STM and Magnetic exchange force

microscopy. However, these are very specialized techniques and have not been widely

used for the study of AFM materials. The most widely used experimental technique

to study the surface AFM is the x-ray magnetic linear dichroism (XMLD) technique
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where the x-ray absorption of the sample at a particular elemental edge is studied

with linear polarized x-rays. The XMLD technique, with the help of photoemission

electron microscopy, can be more useful for magnetic imaging of the antiferromagnetic

surfaces. This method is discussed in chapter 2 in detail.

Similar to the well-known FM materials, confined surface AFM systems are in

fact characterized by magnetic properties that, because of interface or size effects,

can be considerably different from the ones observed in the bulk [11]. Examples range

from the stabilization of exotic AFM ordering to the onset of uniaxial anisotropy in

low-dimensional AFM samples. Moreover, systems comprising AFM-FM interfaces

represent a world of their own, thanks to their rich phenomenology related to

interface exchange coupling. Finite-size effects in both FM and AFM materials

reflect deviations from bulk properties associated with the reduction of the sample

dimensions. So-called intrinsic effects occur in material systems for which one or

more sample dimensions, for example, the thickness of a layer or diameter of a

particle, is comparable with the intrinsic correlation length scale of the property

being considered. Strongly correlated systems such as AFM oxides are characterized

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

in ultrathin films or nanoparticles. In addition, surface-related finite-size effects

might be caused by the competition between the properties of atoms in the core of

a particle or layer and those at the surface, possibly originating from the reduced

coordination number. As an example, surface spins often possess higher magneto-

crystalline anisotropy than the ones in the sample volume because of the reduced

symmetry. Chemical or structural effects may also arise due to phenomena such as

surface segregation, relaxation, or reconstruction. Of course, the environment (the

material surrounding the particle or the film substrate) can also dramatically alter the

properties of interface atoms through hybridization, strain, or chemical interdiffusion,

not to mention the crucial role of exchange in determining the magnetism of systems

where an AFM material interacts with a FM partner.
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The high degree of correlation between the electronic, magnetic, chemical, struc-

tural, and morphologic features obviously makes the preparation and the characteri-

zation of high-quality samples a crucial point in any study involving low-dimensional

systems. In this respect, AFM transition-metal (TM) monoxides are often regarded

as a privileged reference. The reasons for this choice are manifold. First, these oxides

can be grown as high-quality thin films on appropriate substrates and are charac-

terized by a high chemical and mechanical stability. Second, their AFM ordering

temperature (Néel temperature TN ) is relatively high: to cite two relevant cases, TN

= 523 K for bulk NiO and TN = 291 K for bulk CoO. Another important feature of

TM oxides is their insulating nature resulting from strong inter- and intra-atomic

electronic correlations. Their magnetic properties arise as a consequence of the

short-range super-exchange interaction mediated by the oxygen bonds [208]. Because

of the absence of itinerant magnetism associated with conduction electrons, the only

long-range magnetic interaction is represented by the dipole-dipole interaction, which

can be neglected in many cases. Therefore, from the magnetic point of view, TM

oxides can be described within the frame of the Heisenberg or Ising formalism as

ensembles of well-localized spins with near-neighbor interactions. Finally, we would

like to mention that AFM TM oxides are also considered as model systems for the

AFM parent compounds of high Tc cuprates since, in the latter, the interplay between

charge and magnetic ordering is described by the Anderson’s super-exchange theory,

which also governs the magnetic properties of AFM insulators such as NiO or CoO.

The surface electronic and magnetic structure of transition metal oxides have not

been studied in detail by many groups, since most of the studies are concerned with

the bulk properties of these materials. Such studies could be interesting, since it

may correlate the surface antiferromagnetism with the surface electronic structure,

specifically, the valence band electronic structure.

The case of Cr is even more interesting. Cr, in its bulk format, is a spin density

wave (SDW) antiferromagnet, having Néel temperature close to room temperature
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(311 K). Here, the SDW wave vector is incommensurate with the lattice. The

magnitude of Cr moment in bulk is 0.58 µB. Having half-filled 3d shell, the

magnetic moment of Cr atom is strongly modulated by the presence of neighbors.

The magnetic moments of Cr enhances dramatically (almost 500-600%) in reduced

dimension. In a flat monolayer Cr, the enhanced moments are arranged in order

to form commensurate AFM phase. The property of this purely two-dimensional

magnetism is drastically different from its bulk AFM phase. The Néel temperature

of this lower dimensional strong antiferromagnet (455 K) is quite higher than its

bulk counterpart. Thus, monolayer Cr is an example of an elemental commensurate

antiferromagnet.

1.2.1 Magnetic moment at surfaces and in ultrathin films

Reduced dimensionality affects the ground-state magnetization, resulting in an

increased magnetic moment and an increased DOS near the Fermi level, D(EF ) [13].

The increased DOS near the Fermi level in a reduced dimensional system can result

in ferromagnetic behavior even for elements that are nonmagnetic in the bulk. This

concerns elements very close to satisfying the Stoner criterion, that is, what is required

by the Stoner-Wohlfarth model for the existence of ferromagnetism.

The ground-state magnetic properties can be modified by varying the DOS at

the Fermi level. The lower atomic coordination associated with atoms at the surface

(or in the monolayer films) can lead to a reduced overlap of the d electron wave

functions and to a resulting reduction in bandwidth. At the surface of 3d metals,

the 3d band narrows, and the states are more localized than bulk ones. This leads

to the increase in D(EF ). Then the reduced overlap and relatively narrow bands can

lead to an enhanced magnetic moment [figure 1.1]. The surface layer is expected

to exhibit a weaker magnetic enhancement than a free-standing monolayer because

of its atomic coordination number. The enhancement of the magnetic moment is
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Figure 1.1: Schematic representation of band narrowing and resulting increased magnetic
moments at surfaces and in ultrathin films.

related to the increase in the average exchange splitting ∆Eex. Recently, it was

realized that not only the spin moment but also the orbital magnetic moment can be

strongly enhanced with reduced dimensions, for example, at surfaces. In the presence

of spin-orbit coupling, for reasons of symmetry, almost no orbital magnetic moment

remains in the bulk ferromagnet. There are two qualitative arguments to explain the

enhancement of the orbital moment at the surface. First, the spin-orbit interaction

couples the orbit to the spin moment, so that the orbital magnetic moment increases

with the increasing spin magnetic moment [14]. Second, the quenching of the orbital

moment, which occurs in high lattice symmetries, can be removed by the symmetry

reduction at the surface.

1.2.2 Finite-Size Effects on the Magnetic Ordering Temperature

The reduction of the critical magnetic ordering temperature Torder is a typical

finite-size effect in both FM (Torder = Tc = Curie temperature) and AFM (Torder

= TN) low-dimensional systems. It can be seen as a consequence of the sample
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asymptotically approaching the conditions at which the Mermin-Wagner theorem

applies as its size is progressively reduced. This theorem states that, because of

fluctuations, continuous symmetry cannot be spontaneously broken (i.e., the sample

cannot develop long-range FM or AFM order) at finite temperature in systems with

short-range interactions in dimensions d ≤ 2 [15]. Experiments have evidenced

drastic reductions in the magnetic transition temperature TN for a variety of AFM

oxides in low-dimensional geometries such as nanoparticles [16,17], thin films [18,19],

nanoparticles [20] and nanoparticles [21–23], nanotubes [24] and nanowires [25].

In a simple mean-field approach, which assumes Torder to be proportional to the

exchange energy density of the particle or thin film, the reduction of the magnetic

transition temperature is due to the decrease in the total exchange energy associated

with the reduced number of neighboring atoms. In this picture, the system envi-

ronment is not passive and might contribute to defining the total exchange energy,

for instance, by inducing surface magnetic anisotropy through a strain field or by

modifying the magnitude of the interface moments and the strength of their mutual

coupling through hybridization or other interactions. According to the mean-field

model, the variation of Torder with respect to the bulk value Torder(∞) is expected to

be proportional to the inverse of the particle size or of the film thickness D. However,

this prediction is not consistent with the experimental results, and the reduction

in the ordering temperature Torder with size is better described in terms of scaling

theories [26], according to which the correlation length of the fluctuations of the

AFM order parameter diverges logarithmically with the reduced temperature (T

- Torder)/Torder as the temperature T approaches the magnetic ordering transition

Torder. For a system with size D much larger than a characteristic length ξ describing

the spatial extent of the spin-spin coupling, this yields a fractional decrease of Torder

that follows a power-law curve [27]:

Torder(∞)− Torder(D)
Torder(∞) = (ξ + a

2D )λ (1.1)
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where λ is the shift exponent and a is the lattice spacing. For D « ξ, Torder is

expected to vary linearly with respect to D. Hence the ordering temperature should

vary with film thickness. This part has been studied in chapter 7 in this thesis where

we observe a gradual increment of the magnetic ordering temperature with increasing

NiO film thickness.

1.3 Scope of the thesis: antiferromagnetic systems

In this thesis, two different antiferromagnetic thin film systems have been chosen

as case studies. The first one, Cr, is an early transition metal. A flat monolayer of

Cr is a purely two-dimensional antiferromagnetic system, with enhanced magnetic

moments compared to bulk Cr. The second one, NiO, is a late transition metal

oxide, well-known bulk (three-dimensional) antiferromagnet. For both cases, Ag(001)

substrate has been chosen as an appropriate substrate due to lattice matching as

well as other thermodynamic advantages.

1.3.1 1 ML Cr/Ag(001)

Having half-filled 3d shell, Cr is ultra-sensitive to its coordination. Therefore, in

reduced dimension its magnetic moment enhances dramatically (upto 500-600%). In

a flat Cr monolayer (grown on top of Ag(001) crystal), these enhanced magnnetic

moments are arranged antiferromagnetically in a commensurate phase. Whereas bulk

Cr shows an SDW (spin density wave) incommensurate antiferromagnetic structure.

The growth of flat Cr monolayer on Ag(001) is a crucial part. The commensurate

antiferromagnetic phase which is the cause behind the evolution of c(2×2) half

order spots are visible only in an atomically flat Cr monolayer. Formation of bi- or

multi-layer Cr island on Ag(001) destroys this antiferromagnetic phase resulting from

decrease in the first NN distance. The flat growth of Cr on Ag(001) substrate depends
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on few vital growth conditions, therefore, optimizing those growth parameters are

very important. In chapter 3, in this thesis, we present the optimization of these

different parameters in detail.

The structure of flat monolayer Cr on Ag(001) is complicated. We find that the

formation of 1 ML Cr/Ag(001) is thermodynamically unfavorable, due to the higher

surface energy involved. Our studies found that monolayer Cr is covered by 1 atomic

layer of Ag and is a stable phase. So, the c(2×2) antiferromagnetic Cr monolayer

is sandwiched between 1 layer of Ag on top and Ag(001) substrate at bottom. The

stability of this sandwiched magnetic structure, where monolayer Ag segregates over

Cr layer, has been tested via both experiment and DFT calculations which are in

agreement with each other. In chapter 4, we discuss the details of physical structure

of this system.

The most interesting aspect of a monolayer Cr film in antiferromagnetic phase

is its valence band structure. The antiferromagnetic valence band of monolayer Cr

is completely different from the paramagnetic band structure observed at higher

film thickness. The valence band dispersions of monolayer Cr has been probed by

monochromatic He Iα and He IIα ultraviolet photon sources using Angle resolved

photoemission spectroscopy (ARPES). The details of the valence band structure of

antiferromagnetic Cr monolayer is the focus of chapter 5.

1.3.2 NiO/Ag(001)

NiO is a bulk antiferromagnet with Néel temperature of 523 K. In spite of having

a simple rocksalt structure, the magnetic structure of NiO is rather complex. The

magnetic Twin and Spin domains construct the magnetic structure in an ordered

NiO lattice. Moreover, being a strongly correlated insulating transition metal oxide,

its electronic structure also has been drawn many scientific attentions till now. Even

though sophisticated band structure calculations such as LDA+DMFT are able
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to successfully explain the bulk electronic structure of NiO, though the effect of

antiferromagnetism in the valence band electronic structure is not still clear from

experimental point of view. The electronic structure have been studied on singe

crystal systems which are often plagued by the different issues such as charging effects

etc. However, there are only a few studies on the electronic structure of epitaxially

gown NiO. So, in this thesis, we focus on the electronic and magnetic structure of

epitaxially grown NiO ultrathin films.

The details of valence band as well as core level electronic structure of NiO thin

films have been discussed in chapter 6 of this thesis. The thickness dependence of

NiO valence band and core levels e.g., Ni 2p and O 1s has been shown. The effect

of the vicinity of non-magnetic noble metal substrate, Ag, is also illustrated at low

thickness regime.

In chapter 7, imaging of the antiferromagnetic domains, performed using two

different electron microscopic techniques, namely the Low Energy Electron Microscopy

(LEEM) and PhotoEmission Electron Microscopy (PEEM) using the X-ray magnetic

linear dichroism (XMLD), has been focussed. The evolution of magnetic domains

with film thickness has been demonstrated using these two complementary techniques.

The advantage of each technique over the another has been discussed. Variation of

Néel temperature (TN) and XMLD signal with NiO film thickness has also been

discussed.

Mild sputtering of the oxide surface with Ar+ ions as well as high temperature

vacuum annealing produces oxygen vacancies in the sample surface. Sputtering

removes predominantly oxygen atoms from the top surface of NiO film, leaving the

Ni atoms, which form clusters on the oxide surface. The elemental core level spectra

as well as the valence bands of NiO get affected by the creation of oxygen vacancies

in the sample. Néel temperature of the sample also reduces with creation of more

oxygen vacancies as the antiferromagnetic strength of the sample weakens. Chapter
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8 discusses the effect of oxygen vacancies on the electronic structure and magnetism

of NiO film elaborately.
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Experimental techniques and methods

2.1 Introduction

This chapter focuses on the details of various experimental techniques used to perform

experiments described in this thesis. As already mentioned in chapter 1, aim of

this thesis is to explore the electronic as well as magnetic structure of two different

antiferromagnetic thin film, namely Cr monolayer and NiO thin films on Ag(001)

substrate. Since the focus is to study on thin films, hence surface-sensitive techniques

are used. For studying the electronic and magnetic structure of solid surfaces, the

surface must be clean in atomic scale requiring ultrahigh vacuum (UHV) [less than

10−9 mbar] during the experiments. UHV is important for surface studies mainly

for two reasons: 1) Within UHV environment a sample surface may be maintained

in a contamination-free state for long enough duration to perform experiments on

them. 2) It is also essential to perform low energy electron and ion based experiments

without undue interference from gas phase scattering. After obtaining the UHV

condition, thin films can be grown in situ on a suitable substrate in the growth

chamber.

To make structural characterization of the deposited films, we need a Low Energy

Electron Diffraction (LEED) set-up. After confirming the sample crystallinity,

cleanliness, and symmetry direction using LEED, the sample is ready to be transferred
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to the analysis chamber for further photoemission experiments. LEED may also

indicate the presence of surface antiferromagnetic order in the deposited film, as

we shall describe in case of Cr and NiO films, which will be discussed in different

chapters of this thesis. A rigorous LEED IV study, which is the electron beam

energy (V) vs. diffraction spot intensity (I) measurements, gives a detailed idea of

the physical structure of the surface/film when compared to theoretically calculated

IV curves.

The elemental analysis of the given sample and tracing their chemical (oxidation)

changes can be performed using X-ray Photoemission Spectroscopy (XPS). However

for investigating surface electronic valence band structure with high energy and

momentum resolution, one needs to perform the Angle Resolved PhotoEmssion

Spectroscopy (ARPES) measurements using suitable (ultra-violet or soft x-ray)

sources ultra-violet sources. In photoemission experiments, the most important part

is to measure the kinetic energy of emitted electrons, for which the most common

electron analyzers are of hemispherical type which will be discussed later in this

chapter.

For surface antiferromagnetic domain imaging studies we have used two different

techniques in this thesis. The first technique, based on the plane polarized x-ray

absorption, uses the dichroism signal from the sample to image the antiferromagnetic

domains utilizing the photoelectron in a PhotoEmission Electron Microscope (PEEM)

system. This technique, called XMLD-PEEM, is well-established as an useful tool to

image the magnetic domains of the antiferromagnetic sample. The second one, based

on electron diffraction phenomena, called Low Energy Electron Microscopy (LEEM).

Looking at the sample surface through the magnetic ‘half-order’ spots in LEED, it

is possible to visualize the enlightened parts of the sample which are basically the

magnetic twin domains. Since LEEM is being used to to probe antiferromagnetic

(AFM) domains, we specify the name of this method as AFM-LEEM. Besides the

magnetic imaging, the intensity variation of LEED half-order spots are used to
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determine the surface Néel temperature (TN) of the sample. The effect of thickness

dependence and creation of defect states on TN may also be estimated from these

studies. Therefore, we demonstrates that LEED is a vital tool for preliminary

magnetic studies on such epitaxial antiferromagnetic films.

2.2 What is Epitaxial Growth?

The term epitaxy comes from the Greek word ‘epi’, meaning ‘above’, and ‘taxis’,

meaning ‘an ordered manner’. It can be translated as ‘arranging upon’. In general

scientific language, epitaxy means the growth of a single crystal film on top of a

crystalline substrate. There are mainly two different types of epitaxy, known as

‘homoepitaxy’ and ‘heteroepitaxy’. In case of homoepitaxy, the film and the substrate

are of the same material, e.g. Si layers of different doping (impurity) content are

grown on Si single crystal substrate for technical purposes. On the other hand,

in heteroepitaxy, the film and substrate materials are different; hence are mostly

used in thin film technology and engineering. In this thesis, I have discussed the

heteroepitaxial growth of two different films, Cr and NiO, on Ag(001) single crystal

substrate.

2.2.1 Interfacial strain: Pseudomorphic growth

In heteroepitaxy, for the growth of epitaxial film over a substrate with good crystalline

quality, matching of the lattice parameter between the overlayer material and the

substrate is essential. Where significant lattice mismatch persists, trying to grow a

layer of a different material on top of a substrate may lead to interfacial strain strong

enough to destroy the crystalline order of the film. Pseudonymous growth means that

layers in the heterostructure have the same lattice parameters due to the deformations.

So, pseudomorphic layer is fully stressed by their neighbors. Small lattice mismatch
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Figure 2.1: (a) In-plane tensile strain, (b) Out-of-plane compressive strain (c) Lattice
parameter relaxation at a critical thickness dc.

creates interfacial defects like misfit dislocations in the film, whereas higher mismatch

may lead to formation of faceted structures. Such deviations from normal ‘layer

by layer growth’ would lead to change in optical, thermal, mechanical, electronic

and surface magnetic properties in the system. In many cases, the interfacial strain

relaxes with increase of 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/f) are the lattice constants of the substrate and the film, respectively

in their bulk format. In figure 2.1, pseudomorphic growth under different type

of strain are represented schematically. For example, in our case, Ag(001) has a

lattice parameter of 4.09 Å while bulk NiO(001) has lattice constant of 4.18 Å. The

calculated lattice mismatch between these two materials is only 2%, hence NiO(001)

film can be grown pseudomorphically on Ag(001) in layer by layer fashion. Above

a critical thickness dc [which is about 10 ML for NiO(001) growth on Ag(001)] the

interfacial strain relaxes via the creation of misfit dislocations. On the other hand,
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in case of Cr (bulk lattice parameter 2.88 Å) the mismatch with Ag(001) substrate

is only 0.3%. But, in this case, the epitaxial growth is only possible if the Cr <001>

crystalline direction rotates 450 with respect to the substrate; hence there occurs a

rotated pseudomorphic growth. The details will be discussed at suitable places in

different chapters of this thesis.

2.2.2 Different parameters of MBE growth

The term ‘MBE’ stands for ‘Molecular Beam Epitaxy’, a method where epitaxial metal

and metal oxide films are grown on single crystal substrate in layer by layer manner

deposition inside an UHV growth chamber. Though having a good lattice matching

is one essential parameter for epitaxial growth, it is not sufficient condition. The

miscibility gap of the deposited and substrate material is another important parameter

for MBE growth. If the deposited material is easily desolved in the substrate

forming intermetallic alloy, the probability of epitaxial growth is less. Similarly,

there should not occur any chemical reaction between these two materials. Another

important factor is the surface energy of these two materials, which determines

whether the deposited material will wet the substrate forming smooth film or discrete

islands. For reactive deposition of oxide films, e.g., the case of NiO where Ni is

evaporated on Ag(001) in oxygen environment, the oxygen pressure plays an important

role in determining the quality as well as the stoichiometry of the deposited film.

Temperature is another vital parameter as it controls the mobility of the adatoms

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

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

optimize all important parameters for growth in order to obtain best quality epitaxial

film.
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2.3 Deposition of epitaxial films

The study of surface electronic structure and magnetism requires a sample with clean

surface in the atomic scale. Since the electronic as well as magnetic structure depends

on the film thickness and the studies involves their band dispersion, atomically

uniform and flat films are mandatory. This demands that the substrates must also

be highly polished single crystals or cleaved surfaces with large terrace width and

low step density. Moreover, clean conditions also imply an in situ preparation of the

sample and the experimental chamber should have an attached facility for depositing

the samples in good UHV conditions. As will be discussed in chapter 3 and 4, we

observed antiferromagnetic order in a flat Cr monolayer film; the corresponding

antiferromagnetic band structure of the film is visible flat two-dimensional Cr mono-

layers with high degree of order. The presence of bi or multilayer domains destroys

the in-plane antiferromagnetic ordering in the sample. In case of NiO, growth of a

flat, defect-free, highly epitaxial film is necessary, as will be discussed in chapter 6.

Both Cr and NiO films are grown using MBE technique. As we are interested in

investigating the surface electronic and magnetic structure of these films and hence

high crystalline quality and smoothness of the film surfaces is a crucial parameter.

Considering the lattice matching and surface energy, Ag(001) single crystal was

chosen to be the most appropriate substrate for both cases. For higher epitaxial

quality of the overlayer film, it is always essential to have an atomically flat substrate

surface. The well-polished Ag(001) crystal (from MaTeck GmbH, Germany) was

passed through repeated sputtering and annealing cycles. Ar+ beam was used to

sputter the sample [PAr = 7×10−6 mbar, 1 µA] typically for 15 min for bare Ag(001)

crystals and higher duration for film covered surfaces. The energy of the Ar+ beam

used also depends on the Ag crystal conditions; typically 500 or 700 eV for bare sub-

strate and higher energies are used for film covered surfaces. Sputtering was followed

by annealing the Ag crystal at 823 K for 30 min. To recover the thermodynamically
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stable crystal structure, it is necessary to anneal the substrate in order to provide

mobility to atoms. Different annealing temperatures can be used depending on 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 applied in

several ways, depending on the setup: 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 measured with a thermocouple inserted in the

manipulator, in contact with the sample holder. The cooling of the sample can be

performed, when needed, by contact of a sapphire ball on a copper block containing

a liquid nitrogen capillary circuit. All the materials in this thesis were evaporated

from water-cooled electron-beam evaporator and resistive heating Knudsen cell. The

standard thickness calibration was performed by a quartz crystal microbalance.

2.4 Low Energy Electron Diffraction (LEED)

2.4.1 Theory

The basic reason for the high surface sensitivity of LEED is the fact that for low-

energy electrons, the interaction between the solid and electrons is strong. 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) (2.2)
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Here ‘d’ is the penetration depth and λ(E) denotes the inelastic mean free path,

defined as the distance an electron can travel before its intensity has decreased by the

factor 1/e. While the inelastic scattering processes and consequently the electronic

mean free path depend on the energy, it is relatively independent of the material

[figure 2.2]. The mean free path turns out to be minimal (5-10 Å) in the energy

range of low-energy electrons (20 - 200 eV). This effective attenuation means that

only a few atomic layers are sampled by the electron beam and as a consequence the

contribution of deeper atoms to the diffraction progressively decreases.

Figure 2.2: Universal curve of mean free path for the inelastic scattering of electrons in a
solid [28].

2.4.1.1 Kinematic theory: Single scattering

Kinematic diffraction is defined as the situation where electrons impinging on a

well-ordered crystal surface are elastically scattered only once by that surface. In

the theory, the electron beam is represented by a plane wave with a wavelength in

accordance to the de Broglie hypothesis:

λ = h/
√

(2mE) (2.3)
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Let us consider a monoenergetic electron beam impinging on a surface. The beam is

represented by a plane wave which is described by [29]

Ai = A0exp(i
−→
k0 .
−→r ) (2.4)

where Ai is the amplitude of the incident wave, A0 is a constant, −→k0 is the incident

wave vector, and −→r is a space vector. If multiple scattering is neglected, the amplitude

of a diffracted beam is represented by:

As = A0[
∑

αfn(−→s )exp(i−→s .−→rn)]exp(i−−→kout.−→r ) (2.5)

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 can not be obtained from the kinematic model of LEED.

2.4.1.2 Dynamical theory: Multiple scattering

Dynamical theory, based on multiple scattering formalism, 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 LEED spots can theoretically be calculated

for given structure and its comparison with experimental LEED I-V data gives idea

of the detailed structure of the material [29].
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2.4.2 LEED: Instrumental configurations

Low energy electron diffraction (LEED) [30] from well-ordered surface can be used

to determine structural information of the surface. Typical examples of well-ordered

surfaces are prepared Ag(001) crystal surface or in situ grown epitaxial thin films on

it. LEED is surface sensitive technique as the inelastic mean free path of electron is

small (5-10 Å) in the energy region of 20-200 eV, as shown in figure 2.2 [28,31,32].

Figure 2.3: Schematic of a conventional rear-view LEED setup.

The operating principle of a standard LEED setup is schematically illustrated

in figure 2.3. In a LEED experiment, monochromatic electrons (commonly 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 such a way that minimum light from the electron gun cathode will

come out of the electron beam housing. 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

Chapter 2. Experimental techniques methods



2.4. Low Energy Electron Diffraction (LEED) 24

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 w.r.t. the cathode and

regulates 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 is set at the so called retarding voltage

to minimize the contribution from inelastically backscattered electrons. This voltage

is slightly lower than 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 causes the screen to glow with an intensity at each point on the screen

proportional to the incident electron flux and thus producing 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 12-bit Peltier cooled

charge coupled device (CCD) camera which is interfaced with a computer in order
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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 Å. Apart from well-ordered surface, LEED

experiments 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 note 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.

2.4.2.1 Calibration

The LEED apparatus in our laboratory is a basic four-grid LEED [from OCI vacuum

Microengineering, Canada. model: BDL800IR] with linear motion facility upto

100 mm retraction from sample. The optics of the LEED apparatus demands an

optimized position for the sample; which means the sample has to be placed at the

center of the hemispherical phosphor screen. It will be discussed in later chapters of

this thesis, that the antiferromagnetic order present in the sample is at the origin of

half-order spots that we observe in LEED for low electron beam energies. Intensity of

magnetic half-order spots is much weaker (only 1-2%) compared to the integer order

spots. Obviously, it is quite difficult to experimentally visualize their existence. It is

therefore essential to optimize different LEED parameters such as Wehnelt voltage,

grid voltage, focus voltage, retarding voltage, filament current, beam current and

sample position etc. for the best LEED spots, i.e. the brightest spots with minimum

FWHM. Among all these parameters, the focus voltage and the sample position are

the two crucial ones which mostly affect the sharpness of the spots.

In figure 2.4, the average radial profile of first integer order LEED spots (1,0)

have been displayed as a function of focus voltage, for a fixed sample position where
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sample distance 

z=18 mm 

5 10 15 

Figure 2.4: For a fixed sample distance z=18 mm from the LEED instrument, average
radial profile plots of LEED spots have been shown as a function of focus voltage.

distance of the sample surface from LEED instrument was 18 mm. The standard

Ag(001) single crystal sample and 55 eV beam energy was used to optimize these

LEED parameters. This plot shows that the sharpest LEED spots appear at 53 Volt

focus voltage. This behavior of the LEED spots were also determined for few other

sample positions. The second important parameter, the optimum sample distance,

was determined fixing the focus voltage to 53 eV and varying sample position. Figure

2.5 shows the average radial profile plot of the LEED spots for different sample

positions.

This plot shows that for sample distance 18 cm from the LEED apparatus, the

LEED spots have minimum FWHM. Therefore this was chosen to be the optimum

position for the sample.
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Figure 2.5: For a focus voltage of 53 volt, average radial profile plots of LEED spots have
been shown as a function of sample distance.

A LEED IV study was also performed on cleaned and well ordered Ag(001) single

crystal surface and our experimental data was compared with previously reported

IV data by K.M. Schindler et al. [33]. They have invented a new method to extract

improved IV data using LEED spot background subtraction technique. Figure 2.6

shows that our experimental data matches quit well with the earlier reported IV

curve, which demonstrates the reliability of our LEED data.

2.4.3 Superstructure in LEED pattern

The schematics of a p(1×1) atomic arrangement is shown in figure 2.7 (a). The

adsorption of a p(2×2) overlayer has been shown in figure 2.7 (b). Due to the atomic

coordinations of the adsorbed layer ‘extra spots’ with four-fold symmetry will appear
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Figure 2.6: Our LEED IV data for (0,1) spots of Ag(001) single crystal has been compared
with the IV data of earlier reported data by Schindler et al. [33].

in LEED, resulting in a p(2×2) constructed LEED pattern. Similarly, a c(2×2)

adsorption in real space has been shown in figure 2.8 (b).

2.4.3.1 LEED half-order spots: Surface antiferromagnetic order

Electron scattering from antiferromagnetic crystal arises due to mainly four principal

interactions: coulomb, exchange, dipole and spin-orbit. The spin-orbit interaction

has two contributions, one from a magnetic term involving the spins of the magnetic

electrons of the host ion and another from a nonmagnetic term involving only the spin

of the incident electron. The exchange, dipole and magnetic spin-orbit interactions

are magnetic in origin and therefore will display the structure of the magnetic unit

cell, while the coulomb and non-magnetic spin-orbit interactions will display the

structure of the chemical cell. To probe the magnetic origin of the half-order spots

Palmberg et al. [34] has estimated the ratio of exchange to coulomb scattering. Using

dynamical LEED calculations, Tamura et al. [35] has shown LEED IV profiles of the
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(a) (b) 
p(1x1) p(2x2) 

Figure 2.7: Adlayer superstructure(a) p(1×1) (b) p(2×2) configuration.

(a) (b) 
p(1x1) c(2x2) 

Figure 2.8: Adlayer superstructure a) p(1×1) (b) c(2×2) configuration.

‘extra-spots’ [c(2×2) half orders]. Their theoretical studies demanded the magnetic

origin of the half-order spot in both NiO and Cr systems.

Spin ordering in antiferromagnetic NiO leads to a magnetic unit cell having

dimensions twice that of the chemical cell. The arrangement of spins as determined

by neutron diffraction [36,37], is represented in figure 2.9 (a). At the NiO (001) surface,

the arrangement of Ni moments have a p(1×2) or p(2×1) configurations depending

on the presence of different twin domains present [38]. In the case of NiO(001) single

crystal or thin film surfaces, usually these two types of magnetic ordering is present,

yielding an average p(2×2) magnetic configuration. Coherent exchange-scattering of

the incident electrons by the ordered spin system like NiO produces half-order beams
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Figure 2.9: (a) The antiferromagnetic order of Ni spins in NiO crystal shows that the
magnetic unit cell is double than the chemical unit cell. Existence of the oxygen atoms has
been neglected for simplification. (b) Antiferromagnetic arrangement of the Cr moments
in monolayer film over Ag(001) single crystal. (c) p(2×2) LEED half-order spots, in case
of NiO, corresponding to figure (a). (d) c(2×2) LEED half-order spots, in case of Cr,
corresponding to figure (b).

in electron diffraction. In figure 2.9 (c), a p(2×2) superstructure is visible in the

LEED data of NiO(001) surface collected at 31 eV, which is in fact a superposition of

p(1×2) and p(2×1) types of superstructures arising from different magnetic domains.

In case of 1 ML Cr overlayer, the antiferromagnetic arrangement of Cr magnetic

moments are of c(2×2) pattern. The doubling of the magnetic lattice constant occurs

along x and y axes as indicated in the figure. The magnetic superstructure, which is

of c(2×2) pattern, is visible in the LEED data collected at 40 eV as shown in figure

2.9 (d).
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How to confirm that these fractional-ordered spots in LEED is due to magnetic

origin? Reconstruction in LEED may also appear due to adsorption of gases or atomic

rearrangement at the surface. None of these possibilities may occurs in our case, since

all the experiments are performed in good UHV and at stable temperatures. The

purity of the samples have been tested by XPS elemental scans, and no adsorption

at surface were confirmed. The half-order spots in LEED originate due to exchange

interaction of the low energy electrons with ordered Ni/Cr moments. The magnitude

of exchange interaction is quite small, so is the intensity of the fractional ordered spots.

The integer-order spots are the result of coulomb interaction which is comparatively

higher by many orders of magnitude. The intensity of the half-order spots, which

appear to be 2-4% of the integer order spots, is another proof in support of the

magnetic origin of half-order spots. Moreover, the half-order spots appear with

significant intensity at beam energies below 30 eV, where the magnitude of exchange

interaction becomes significant. Also, the temperature dependence of the half-order

intensities speaks for their antiferromagnetic origin, as discussed in respective chapters.

Apart from LEED studies, the persistent antiferromagntism in both films have also

been confirmed by photoemission studies, which will be discussed in appropriate

chapters later.

Coherence length in LEED: The practical LEED experiments deviate from the

theoretical ideal of a perfectly monochromatic, perfectly collimated beam of electrons

incident on the surface. There are two contributions; the finite energy spread of

the electrons (of the order of 0.5 eV) and the finite angular spread of the electron

beam. The joint effect is that, the electrons arriving at the surface are coherent

only over a certain characteristic length, the coherence length. Only surface atoms

within the coherence length can be considered to be illuminated by a simple plane

wave. Electrons scattered from regions of the surface separated by more than a

coherence length cannot interfere to produce a diffraction pattern (because the
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incoming electrons are not coherent). Therefore, no surface structure with a length

scale larger than the coherence length can form a diffraction pattern.

Thus in case of antiferromagnetic surfaces, magnetic half-order spots will only

be visible in LEED if the antiferromagnetic correlation length is larger than the

coherence length of the incident electron beam. Otherwise, the half-order intensity

will significantly decrease. In our laboratory LEED instrument, the beam size is

adjustable by the potential of the Wehnelt cylinder from 1 mm to 250 µm. Whereas

the electron coherence length is much lower (about 30 nm). After deposition of a film,

if the physical domains formed on the substrate are of significantly smaller in size,

naturally it also restricts the magnetic domain size as well as the magnetic correlation

length. Then, there is a finite probability that the magnetic correlation length will

be shorter than the electron coherence length. Under this situation, a significant

reduction in the half-order intensity will be observed. In our experiments, we could

not observe any c(2×2) half-order spots for the case of 0.1 and 0.2 ML Cr films

deposited on Ag(001), where tiny nanodomains are expected to form, though the

antiferromagnetic nature of both film coverages were proved from the photoemission

studies. This will be discussed further in chapter 3 in appropriate context.

LEED from antiferromagnetic crystals provides an opportunity to probe magnetic

structure within the laboratory. Also, it gives most direct means for studying the

role of exchange in electron scattering.

2.5 Photoemission spectroscopy

Photoemission is widely used in the study of electronic structure of solids, surfaces,

electron spectroscopy for chemical analysis (ESCA) and for catalytic studies etc.

[39–43]. It utilizes the photoelectric effect in which an electron is ejected from

occupied electronic level of the sample after being exposed to sufficiently energetic

light or photon beam whose energy is analyzed by the electron energy analyzer.
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The photoelectric effect which was first discovered by Hertz [44] in 1887 and later

explained by Einstein [45] in 1905 by invoking the concept of quantum nature of

light. However, it took a long time for photoelectric effect to get established as

a technique to extract interesting and valuable information regarding the states

of an electron inside a solid. Kai Siegbahn [46, 47] was awarded the Nobel Prize

in Physics in 1981 for his development of electron spectroscopy. In photoemission

experiment, the kinetic energy of the detected photoelectrons usually varies from

few eV upto few hundred eV, depending on the photon energy used. This results

in surface sensitivity of the technique, as the electron mean free path of the typical

photoelectron in solid ranges from 5-30 Å [28] as shown in figure 2.1. The photon

source is either a gas discharge lamp, X-ray gun or a synchrotron radiation source.

The light impinges on the sample, and the electrons excited by the photoelectric

effect are then analyzed with respect to the kinetic energy Ekin and their momentum

k in electrostatic analyzer. The energy of the incoming photon can be 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). In this simple

picture, PES measures electron states of the sample under consideration. From

the momentum and energy distribution of the electron, and with some reasonable

assumptions, one can determine the electron dispersion curves E(k) in the solid.

Using XPS, one can observe the photo-ionization of core levels where energies depend

on the chemical state of the sample. Therefore, the 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 of the sample.

Photoemission spectroscopy measures the density of states (DOS) of the sample

under consideration. DOS is the number of states available in energy range E

to E+∆E per unit volume. 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
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Figure 2.10: Sketch of a modern photoemission experiment.

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 electron momentum is lost. In order to obtain the full set of

electronic quantum numbers (except the spin), one has to turn to ARPES (details in

next section).

The important parameters to be measured then are kinetic energy Ekin of photo-

emitted electron and its angle to surface normal as shown in figure 2.10. Knowing

the energy of the photon (hν) and the work function of the sample surface (Φ) one

can determine the binding energy EB of the electron in sample from the following

equation

Ekin = hν − Φ− EB. (2.6)

Figure 2.11 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.
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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 2.11: Schematic view of the photoemission process depicting relation between
energy levels in solid and the electron energy distribution produced by photon of energy
hν. [39, 40]

There are some advantages in using electrons for surface spectroscopy as compared

to photons, ions and atoms.

a) The escape depth of electron is few Å, electrons are therefore suited to probe

electronic states within the surface region of the sample (e.g., electronic states of

thin films and surface states).

b) Electrons are easily focused and their energy is easily tunable by electric field.

c) Electrons are easy to detect and to count.

d) Using electrostatic field, it is easy to analyze the energy and angle of electron.

e) Electrons vanish after they have been detected. This is an appreciable advantage

compared to, for instance, to ions or atoms which are used in surface physics too.
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Electron mean free path for metals is of the order of few Å [see figure 2.2]. This

means that any spectroscopy of solid surfaces involving electron samples only very

thin layer of sample. Thus, if one wishes to learn about the surface properties of

solids, one has to work with atomically clean surfaces. The investigation of surface

states or electronic states of thin films requires UHV condition to prevent interference

from adsorbed contamination. In order to get photoemission spectra from clean

surfaces of reactive metals (such as alkali or rare earth metals), the residual gas

pressure should be better than 10−10 mbar.

2.5.1 Theory

The most commonly used model for interpretation of photoemission spectra in solids

is so called three-step model, developed by Berglund and Spicer [48]. According to

this very successful model, photoemission process can be separated in three steps:

a) absorption of a photon and consequent excitation of electron into a crystal

final state

b) propagation of the photo-excited electron to the surface

c) finally, escape of the photoelectron from the solid into the vacuum.

For a given kinetic energy Ekin, the parallel momentum outside the crystal k|| is

determined by the emission angle of the photoelectron. The geometry of an ARPES

experiment is schematically shown in figure 2.10. Usually one fixes a surface axis to

the emission azimuthal direction obtaining the simplified form of eq. (2.13). Since

translation symmetry along the surface is still present in the vacuum-solid interface,

parallel momentum conservation of a periodic medium gives k||= kf ||+g. Where 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 leads again to momentum conservation

in a periodic medium, i.e., kf=ki+G, G being a reciprocal bulk lattice vector, and ki
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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 (2.7)

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 || (2.8)

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. (2.8) 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 applied theoretical description of photoemission

spectrum is based on using Fermi’s Golden Rule [39] as a result of perturbation

theory in 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
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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) (2.9)

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) (2.10)

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 (2.11)

using the commutator relation A.p + p.A=2A.p − i~(∇.A) and the dipole ap-

proximation ∇.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.

According to this equation the origin of the photoemission intensity is the potential

gradient.
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2.5.2 Angle Resolved Photoemission Spectroscopy (ARPES)

Angle-resolved Photoemission Spectroscopy (ARPES) is possibly the simplest and

most direct method for the study of the electronic band structure of surfaces and

have been quite extensively used for the study of metal, semiconductor and oxide

surfaces [41, 49]. It has been used to study simple one-dimensional (1D) and two-

dimensional (2D) systems to more complex three-dimensional (3D) systems and have

been quite successful in establishing the electronic structure of these materials; many

detailed reviews on this subject are available in the literature [42,43]. For 2D nature of

the crystalline surface, there is a periodicity in the surface (x-y) plane but periodicity

breaks along the surface normal (z) direction. 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

loss of translational symmetry 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) (2.12)

where k|| is the out-going photoelectron momentum, m is mass of the electron and

θ and φ are polar and azimuthal emission angles respectively. The geometry of an

ARPES experiment is schematically shown in figure 2.10. Usually one fixes a surface

axis to the emission azimuthal direction obtaining the simplified form:

k|| =
√

2mEkin
~2 sin θ. (2.13)

From the energy and angular distribution of the emitted electrons, the energy vs.

momentum information of the crystal (band dispersion) can be determined. This

process of “band mapping” is a powerful probe of electronic structure of the crystalline

materials. The theoretical band structure calculations are also important in studying
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electronic structure of solids. The angle-resolved measurements can be compared

directly with the calculated band structure, which enhances the understanding of

the experimentally obtained electronic structure of the solids.

Several reasons that confirm the ability of this technique to determine the elec-

tronic structure are listed below,

a) It allows a direct determination of the quantum numbers of the electron system,

such as those for electron momentum and energy, so that a complete analysis of the

electronic structure can be obtained.

b) The short escape depth of photoelectrons (5-15 Å for the photon energy range

of 10-1000 eV) make this technique surface sensitive, hence both bulk and surface

contribute to the photoemission intensity. This point is of crucial importance for

analyzing the surface electronic structure, such as surface, adsorbate or thin film

states.

c) The transition time between electronic states and the escape time of the

photoelectrons are of the order of ∼1 fs, thus the atoms do not have time to rearrange

and therefore change the electronic state during the photoemission process. In

solid state, this approximation of static atomic arrangement is often referred to as

the adiabatic or Born-Oppenheimer approximation, and simplifies very much the

interpretation of the data and the calculation of the electronic structure.

2.5.3 X-ray Photoemission Spectroscopy (XPS)

Instead of using light 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 photon energy is then high enough (e.g. 1486.7 eV) 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 ESCA, as the
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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. 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 [50]. A detailed description for other many-body effects arise from

the participation of more than one electron during the photoemission process can be

found in Ref. [51].

2.6 ARPES facility at SINP

In this section, I will describe the ARPES facility [52] 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 measurements such as Band-Structure

Mapping, Fermi-Surface Mapping and Photoelectron Diffraction etc.

The ARPES system 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 system is shown in figure 2.12 and 2.13

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.
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Figure 2.12: The schematic diagram showing different chambers and components of the
ARPES system at SINP.

2.6.1 Load lock

The load-lock or fast entry chamber is to put the sample from atmospheric pressure

to high vacuum (< 5x10−8 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.

2.6.2 Preparation chamber

Apart from the standard surface preparation requirements, the preparation chamber

is also equipped to perform growth of metal and metal-oxide ultra-thin film and

multilayers. The base pressure of the preparation chamber is < 2x10−10 mbar and is

achieved by 1000 litre/sec Turbo Molecular Pump (TMP) (Leybold Vacuum GmbH)

backed by another TMP of capacity 70 litre/sec backed by a rotary pump, and is
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Figure 2.13: Photograph of SINP-ARPES laboratory.

also pumped by an ion pump with a capacity of 300 litre/sec. This chamber consists

of a Titanium Sublimation Pump (TSP) also. 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 facility. In this manipulator we can heat the

sample up to 1200◦C in the continuous mode and 2000◦C in the flash mode and can

cool the sample up to -170◦C. The sample temperature is measured by K and C type

thermocouples depending on the measured temperature range. The Z motion as well

as theta rotation of the manipulator is motorized and controlled by computer to

make appropriate movements for sample transfers and for growing films of different

thickness on the same substrate at different locations with the help of a mask.
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b. Sputtering gun: Ar sputter gun is used to clean the top surface of the

sample. The energy of the 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.

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 ultra-thin metal films, we use a water-cooled

e-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 is calibrated to the rate of evaporation. The preparation chamber

also has a Knudsen cell that can heat up the evaporating materials to reach higher

temperature as 2173 K. It consists of some home-made resistive heating as well as

e-beam evaporators.

f. Quartz microbalance: The rate of evaporation of materials at the sample

position can be monitored by the quartz microbalance. The shift in the resonant

frequency of the quartz crystal due to the excess material deposited on top 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
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quantitative way. We have a LEED system from OCI vacuum Microengineering, Inc.

Canada. 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

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 important. The flatness of the crystal is checked by a laser beam

reflection from the sample top surface. The crystalline direction of the sample is

checked from LEED measurements.

2.6.3 Analysis chamber

The analysis chamber is dedicated for performing the photoemission experiments.

The base pressure of this chamber is better than 8x10−11 mbar which is achieved by

a 600 litre/sec TMP backed by 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 handling 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 as well as azimuthal
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rotation of the manipulator is computer controlled so that ARPES spectra can be

collected at different polar and azimuthal angles in an automated way.

Figure 2.14: The schematic diagram (from Ref [42]) of the Monochromatic UV lamp
used in the ARPES setup.

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. 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 1486.7

eV in a narrow band of 0.4 eV.

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
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Figure 2.15: Experimental energy resolution measurement on Xe 5p3/2.

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 schematic diagram of the

UV lamp assembly is shown in figure 2.14. As can be seen, the whole assembly is
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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

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 5p3/2 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 figure 2.15. However, the experimental energy resolution on solid samples

depends on the sample temperature.

2.6.4 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 generated by an electrostatic

lens. Though energy analyzers come in different configurations, the most common

type is the Concentric Hemispherical Analyzer (CHA) [53]. A CHA consists of two

hemispheres of radius R1 and R2 (figure 2.16) 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
(2.14)

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 2.16: Schematic of a concentric hemispherical electron energy analyzer. Taken
from [32]

The energy resolution of a CHA is calculated as [54]

∆E = Ep(
x1 + x2

2R0
+ α2) (2.15)

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.

A modern Scienta electron energy analyzer with 2D detector is shown below

in figure 2.17, which is widely used in modern ARPES experiments for improved

data acquisition efficiency, improved energy resolution and improved momentum

resolution.
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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 2.17: Schematic of the Scienta electron energy analyzer with 2D detector. [32]

2.7 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

kinetic energy of the photoelectrons for a fixed photon energy, as can be seen in

figure 2.18(a). Since the total energy must be conserved, different kinetic energy

implies different initial energy. A typical EDC spectra is shown in bottom of figure

2.18(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

the initial states parallel to the surface can be mapped. This is what is usually done

in a laboratory.
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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 figure 2.18(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.
2.3 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 2.18: Schematic representation of energy balance (top) and typical spectra
(bottom) for a) an EDC experiment and b) a CIS experiment [55].
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2.8 X-ray absorption techniques

X-ray absorption spectroscopy is a very powerful tool for material characterization

in view of its chemical specificity and is used particularly for local structure and

electronic structure characterization [56,57]. Moreover the polarization (of incident

x-ray) dependence of spectral shape also allows us to study magnetic properties

at surfaces and buried interfaces [58]. Hard x-ray (with x-ray energy of few keV)

A 

I drain 

e- 

Incident X-ray (I0) 

hν Transmitted  
X-ray (I) 

I. Ch. 

Photon 
Detector 

FY 

TEY/PEY 

Trans 

Figure 2.19: Schematics describing different modes of measurements in x-ray absorbtion
spectroscopy (see text for details).

absorption spectra are usually collected in transmission mode, schematically presented

in figure 2.19. X-ray absorption coefficient µ is calculated by detecting the intensity

of incident x-ray (I0) and the transmitted (I) x-ray using the Lambert-Beer law:

I = I0e
−µx (2.16)
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where ‘x’ is the sample thickness passed by the incident x-ray. Absorption coefficient

is a smooth function of x-ray energy (µ'Z4E−3), unless E matches with an excitation

energy. When it happens, one observe a sharp rise (known as an absorption edge) in

the absorption spectrum due to the excitation of core-level electrons to unoccupied

band above Fermi energy. Absorption spectra are collected by tuning x-ray energy

from few tens of eV below the absorption edge to sufficiently above and monitoring

transmitted x-ray intensity as a function of energy. Since the binding energy of

core-level electrons is material characteristic, one can perform chemical specific

experiments by tuning x-ray energy at corresponding edge of the material. The

incident and transmitted x-ray intensities can be measured by ionization chambers.

For soft x-ray (energy range few tens to hundreds of eV), however, transmission

detection mode is not suitable as the sample thickness must be very thin (typically

less than 0.1 µm) to detect transmitted x-ray signal, which is practically not possible

for various experimental situations. The experiments with soft x-ray have to be

performed in ultra-high vacuum (UHV) to avoid absorption from air. When a core

electron is excited by incident x-ray with proper energy, a core hole is also created

which can be reoccupied by energetically higher state, causing the emission of either

Auger electron or photon. If the Auger electron arise from sub-surface region, they

can set off series of inelastic collisions that produce a bunch of secondary electrons

with lower energy than Auger electrons. One can measure the intensity of all electrons

emitted from the surface, which is assumed to be proportional to absorption cross-

section. This mode of detection is commonly known as total electron yield (TEY).

Emission of electrons may be compensated by using positively biased electrodes near

sample-surface. Emission of electrons from grounded sample sets off a current (known

as drain current), which can be measured as a very close approximation to absorption

coefficient in TEY mode. As the electron emits from the near surface region of the

sample (due to limited inelastic mean free path), this mode of detection is sub-surface

sensitive. However, the surface sensitivity varies from material to material and
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(a) (b) (c) (d) 

Figure 2.20: The x-ray absorption, creation of photoelectrons and Auger electrons.
Number of emitted electrons has been plotted against electron kinetic energy.

typically lies between 2-10 nm range. One can also detect the radiation resulting

from the core-hole decay and this mode of detection is called fluorescent yield (FY).

FY mode is more bulk sensitive (probing depth is typically > 20 nm) compared

to TEY mode. Better surface sensitivity can be achieved in partial electron yield

(PEY) mode. In PEY mode, an electron energy analyzer is used to select the emitted

electrons within particular energy range. However, TEY mode is immensely used in

soft x-ray absorption because of its surface sensitivity and technical sensitivity.

Incident x-ray is absorbed by a core level electron and the recombination processes

cause the electron yield emitted from the sample. The incoming photon produces a

photoelectron and the resulting core recombines by emitting an Auger electron. The

photo electron and the Auger electron may now either be emitted into the vacuum or

due to their limited mean free path lose their energy by inelastic scattering. In this

case a larger number of low energy secondary electrons per initial photo electron is

generated. Due to their larger mean free path the secondary electrons will eventually

be emitted into the vacuum. If the sample is grounded the ground current which is

necessary to compensate for the emitted charge can finally be measured, which is

the total electron yield. The procedure is depicted in figure 2.20.
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The XAS lineshape of transition metals and oxides is dominated by the large

( 10 eV) 2p core-hole spin-orbit coupling, which splits the L (2p to 3d) absorption

spectrum into two portions. The lower-energy L3 region is associated with transitions

to a 2P3/2 final state; the higher-energy L2 region is associated with transitions to

a 2P1/2 final state. Unfortunately, this is the only spectral feature that is easy to

understand in the general case. Two of the most important phenomena related to

transition metal oxides are crystal field and multiplet effects. These effects split the

relatively simple peaks of the metal spectrum into several smaller sub-peaks. The Ni

L2 peak is subdivided into two parts due to multiplet splitting.

2.8.1 Synchrotron radiation

In x-ray absorption measurements, one needs to tune (or vary) x-ray energy and also

requires x-ray with sufficiently high intensity. State-of-the-art synchrotron sources,

which provide intense and tunable radiation, are essential for performing x-ray

absorption experiments. Synchrotron radiation is produced when energetic charge

particles (electrons) undergo an accelerated motion. As the velocity of electrons is

very near to the speed of light, radiation is emitted with very small opening angle

(in a narrow cone, due to relativistic effects) in the forward direction at a tangent

to the electron’s path. Apart from high intensity with tunable energy, one can

also select the polarization of radiation, which is particularly useful for dichroism

measurements [58]. Many microscopic and spectroscopic studies for characterization

of magnetic structure of NiO films, like XAS, XMLD, PEEM and LEEM has been

performed at Nanospectroscopy beamline of Elettra synchrotron, Italy.

2.8.2 Linear dichroism

A linear dichroism spectrum is the difference between spectra taken with the incident

x-ray electric field vector perpendicular and parallel to a system axis of interest. This
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(a) 

(b) 

(c) 

Figure 2.21: (a) The absorption of plane polarized x-ray by the NiO sample. The plane
of polarization of the incident x-ray may be parallel or perpendicular to the sample surface.
(b) The x-ray absorption spectra at Ni L is shown. (c) The multiplet splitting of the Ni L2

peak is shown.

thesis considers linear dichroism of a magnetic origin, specifically, the distortion of

electron orbitals accompanying antiferromagnetic ordering. In this case, the axis

of interest is −→A , the antiferromagnetic spin axis. Linear dichroism measures the

projection M2 of the magnetization vector −→M on −→A .

In figure 2.21 (a), incidence of plane polarized x-ray on the sample surface has

been shown. The plane of polarization may may lie on the plane of sample surface

or perpendicular to the surface. Figure (b) shows the x-ray absorption spectra at

Ni L edge. For a metallic Ni sample both the L3 and L2 are single peak. For oxide
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sample, i.e. NiO, these peaks divides into multipeaks. Division of L2 edge into two

distinct peaks, A and B are prominent in figure (c).

For antiferromagnets XMLD is currently the only technique to quantify the

orientation of the AFM axis at surfaces. An XMLD intensity will be defined as

the x-ray absorption ratio between the low and the high energy absorption fraction

within an absorption resonance, for example A and B as noted on figure 2.21 (c). One

finds for the dependence of the XMLD intensity on the angle between the incident

electromagnetic field −→E and the thermodynamic expectation value of <M2>.

IL = I0 − C < M2 > (3Cos2(−→E ,< −→M2 >)− 1) (2.17)

IL is the electron yield intensity originating from a particular absorption and I0

represents the isotropic absorption intensity. The XMLD intensity shows a maxima

for parallel alignment between the sample AFM axis and electric filed vector of the

polarized beam.

2.8.3 The XMLD effect

In XMLD experiments [59], x-ray absorption spectra are collected (at Ni L2 edge)

with different (linear) orientations of polarization axes of incident x-ray with different

orientations of the sample with respect to incident x-ray to achieve angular depen-

dent spectral shape. Variation of spectral shape with angular orientation of linear

polarization-axis is known as x-ray magnetic linear dichroism (XMLD). This arises

from charge-anisotropy induced by the exchange and spin-orbit interactions. Here

we present our discussion with a typical example of spin configuration in NiO(001)

thin films grown on nonmagnetic substrate Ag(001). In figure 2.22, both the vertical

and horizontal polarization of incident x-ray beam on sample, has been displayed.

The resultant XAS spectra of a 60 ML NiO film at Ni L2 edge has been shown later

in chapter 7. In order to determine the surface spin-axes (A) from experimental
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Figure 2.22: Schematics of HP and VP x-ray incidence on NiO film.

spectra, one needs to have an angular expression which relates the x-ray absorption

spectral shape to the orientation of A and the incident light polarization axis (E), as

the effect is polarization dependent. The traditional approach to this problem within

the isotropic formalism is given by the following angle dependent expression

I(θ, T ) = α + β(3Cos2θ − 1) (2.18)

where the first term on the right hand side is a constant at particular temperature

and the angular dependence comes in the second term. θ is the angle between E and A

and β contains a term <M2>T , which is the domain average of the antiferromagnetic

moments that vanishes above Néel temperature.

2.9 Magnetic imaging techniques

In order to obtain spatially resolved information of different structural aspects and

surface magnetic order, two different imaging techniques are employed. Microscopy

using low energy unpolarized electrons was frequently performed. In addition to low

energy electron microscopy, local surface magnetic order has been investigated using

photoemission electron microscopy with XMLD contrast mechanism.
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2.9.1 Low energy electron microscopy (LEEM)

In LEED, the diffracted beams from sample surface are collected on the screen,

however, they can also be used to image the surface in a low energy electron

microscope with very high lateral resolution (typically less than 10 nm). In figure

2.23, we schematically describe different components of such a microscope. The

sample, mounted on a manipulator facing the objective lens, is also a part of the

microscope optics and kept at −20 keV. The illumination column, containing an

electron gun and few lenses (condenser), provides monochromatic electron beam for

the experiments. A 20 keV electron beam is produced and focused in the illumination

column, which can be varied in a range of few eV with respect to -20 keV. Electron

beam from illumination column can be deflected by the beam separator and can be

transferred through the objective lens to the sample. The separator uses magnetic

field, where electron beam passing through the field will be deflected by the Lorentz

force. Energetic incident electron beam is slowed down by retarding field between

objective lens (at ground) and sample-surface (at −20 keV) to an energy of few eV.

Near zero (or slight negative) electron energy is used for performing some specialized

experiments such as mirror electron microscopy (MEM), that will be discussed later.

Approximately 80 µm region of sample-surface can be illuminated by electron beam,

which can be reduced further using apertures. Elastically backscattered electrons from

sample-surface are then accelerated by the same strong electric field between sample-

surface and objective lens. The imaging electron beam (emitted from sample-surface)

is separated from the illumination electron beam again by the beam separator and

deflected into the image column. A magnified image of sample-surface is produced by

the objective lens, which is further magnified in the image column of the microscope.

Image column consists of field, intermediate and projector lenses and through this,

the electrons are projected onto the channel plate. Finally, image from the screen is

acquired by a CCD camera.
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Figure 2.23: Simplified sketch illustrating basic components of a low energy (or photoe-
mission) electron microscope.

2.9.2 Imaging modes in low energy electron microscope

In low energy electron microscope, surface of the sample can be imaged using

different electron primary energies or selecting particular diffracted beam, which
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define different imaging modes. In mirror electron microscopy (MEM) mode, incident

electron beam energy (near zero or slight negative) is such that electrons interact

weakly with the surface or get reflected just before reaching the sample-surface.

The image contrast arises due to surface morphology and local variation in surface

potential. As there is no scattering condition, MEM also allows to study non-

crystalline surfaces. On the other hand, LEEM mode uses elastically backscattered

electrons from the sample-surface to image a crystalline surface. In the LEEM mode,

incident electron beam energy is sufficient (few eV) to interact with sample-surface

with preferred primary energy (Ep). The probed area of the specimen for micro-LEED

(a) (b) 
60 eV 30 eV 

Figure 2.24: LEED pattern of 60 ML NiO/Ag(001) (a) 60 eV. (b) 30 eV, the half order
(1/2,0) spots are indicated by A, B, C and D.

experiments is selected using field-limiting aperture in the image plane after objective

lens. Diffraction pattern produced from this selected region in the back-focal plane

of objective lens is reproduced in the viewing screen by adjusting the lenses in image

column. Typical LEED patterns as observed for a 60 ML NiO/Ag(001) film surface

are presented in figure 2.24. For imaging, an aperture can be put in the diffraction

plane in order to select particular scattered electron beam for imaging. When the ‘00’

beam is selected, one performs bright-field imaging. A bright-field image of 60 ML

NiO/Ag(001) surface is presented in figure 2.25 (a). In the dark-field operation mode,
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a diffracted (other than ‘00’) beam is selected for imaging. The sample region that

contributes to that particular beam used for imaging appears bright in the image,

while other regions remain dark. A typical dark-field image obtained using (1/2, 0)

half-order beam [figure 2.24(b)] is presented in figure 2.25 (b) for the same sample

region. Both the images in fig. 2.25 contain common morphological features, however,

contrast pattern is completely different depending on the imaging modes. A phase

difference in the backscattered waves can be introduced by a surface step (from the

height difference), which can be imaged in the de-focused condition. Wave length

of electron is comparable to single atomic height at low energy. In this situation,

phase shift varies greatly at small change in incident energy and gives rise to different

interference conditions. This is known as phase contrast mechanism. The Italian
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Figure 2.25: (a) Bright-field and (b) dark-field LEEM images (30 eV beam energy) of
(the same region of) NiO/Ag(100) surface.

branch-line of the Nanospectroscopy beamline hosts the spectroscopic photoemission

and low energy electron microscope (SPELEEM III, Elmitec GmbH) has been used

for all the magnetic microscopic measurements. The SPELEEM consists of a LEEM
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and an energy filtered x-ray PEEM. Typical spatial resolution obtained with such

microscope was about 40 nm in PEEM mode and about 10 nm in LEEM mode.

2.9.3 Photoemission electron microscopy

Imaging with XMLD, XLD or XMCD as contrast mechanism

The XMLD spectroscopy to determine surface antiferromagnetic order is discussed

in section 2.11, which provides only an average information of the probed volume.

This is exemplified with NiO(001) thin films grown on nonmagnetic substrates. It is

obvious that measurements in a laterally resolved way will yield local information that

allows more finer studies such as domain structure, domain wall and their evolution.

Such studies are possible using photoemission electron microscopy (PEEM) [60,61]

utilizing the local variation of absorption coefficient over the sample-surface. In

PEEM, surface-images with concerned contrast mechanism are acquired using the

electrons that are emitted from the sample-surface by x-ray irradiation. The schematic

of a PEEM system is shown in figure 2.26]. In the PEEM mode of operation, the

sample-surface is illuminated by x-ray (at a grazing incidence of about 16◦), normally

tuned at particular absorption edge. Emitted photoelectrons are accelerated by a

strong electric field between sample-surface and objective lens and subsequently used

for imaging by the image column. Local absorption coefficient of sample-surface may

vary in different ways and can give rise to contrast in the PEEM images, which may

be of chemical, magnetic or structural origin [62].

In order to obtain antiferromagnetic domain pattern of NiO(001) film surface, we

first measure an absorption spectrum at the Ni L2 edge with linearly polarized x-ray.

The x-ray energy is tuned to the first peak of the Ni L2 multiplet structure [shown

as peak A in figure 2.23 (c)] and PEEM images are collected. Similarly another

PEEM image is collected at the second peak of Ni L2 edge [peak B in figure 2.23

(c)]. In these images, we observe small magnetic contrast (with XMLD as contrast
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Figure 2.26: Schematics of a PhotoEmission Electron Microscope (PEEM).

mechanism) on large morphological background. To enhance the antiferromagnetic

contrast and to reduce the morphological contrast, we further divide first image by

second image. The I1/I2-image representing the antiferromagnetic domain pattern of

NiO(001) surface and cancels off the morphological part of the contrast. The details

of this phenomena are described in a later chapter in this thesis. It is also possible

to determine surface antiferromagnetic spin-axis locally from the PEEM images by

performing angular dependent experiments.

2.10 Summary

This chapter provides a brief introduction to different experimental techniques used

in this thesis. To probe the valence band electronic structure of the crystalline thin
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films, ARPES has been satisfactorily used. On the other hand, XPS probes the core

levels of the elemental components. The in-plane surface antiferromagnetic order has

been probed by LEED (using the presence of half-order spots). For detailed studies

of magnetic domain structures of the films, imaging techniques like LEEM (within

the dark-field mode) and XMLD-PEEM have been employed.
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Growth of monolayer Cr film on Ag(001)

3.1 Introduction

The first suggestion that bulk Cr might be an antiferromagnet was proposed by Louis

Néel in 1936. The negative exchange coupling between the Cr atoms was also invented

by him via experimental measurement of magnetic susceptibility. Gradually Cr

became an interesting material for further scientific investigations and discontinuous

changes in different physical properties like Young modulus, internal friction, thermal

expansivity and electrical resistivity etc. has been found out near Néel temperature

(TN ). The modern phase of magnetic studies began with the use of neutron diffraction

[64–66] to explore magnetic structures. Body centered cubic (bcc) Cr is found to

have static incommensurate spin density wave (SDW) antiferromagnetic structure

with Néel temperature (TN) 311 K.

The question arises is, how the magnetic structure of Cr is altered in thin films

and superlattices either due to dimensionality reduction or due to proximity with fer-

romagnetic or paramagnetic boundary layers? However, study of magnetic structure

in low-dimension using usual experimental techniques is not easy. Neutron and x-ray

The work, presented in this chapter, has been published in Vacuum, 112, 5-11 (2015).
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scattering are not suitable because of small scattering volume. Early tight binding

calculations of Allan [67] showed for the first time that Cr(001) surface would exhibit

a magnetic moment of 2.8 µB, which is more than five times larger than bulk Cr

moment (0.59 µB). In case of bulk Cr(001), the surface is made of ferromagnetic

terraces where terraces separated by single surface steps are antiferromagnetically

coupled to each other [68,69]. The case of monolayer Cr on Ag(001) is completely

different from the Cr(001) surface where the overlayer is characterized by commen-

surate antiferromagnetic phase with an expected large enhancement in magnetic

moments of each Cr atom.

Monolayer of transition metals supported by noble metal substrates (i.e. Au, Ag,

Cu etc.) have considerably interesting magnetic properties. Reduced symmetry at

lower dimension results in phenomena like giant enhancement of magnetic moments

[70], giant spin polarization [71] and perpendicular magnetic anisotropy [72] etc. in

these ultrathin film systems. As Cr is having half filled 3d (3d54s1) shell its electronic

properties should be extraordinarily sensitive to changes in the coordination and

symmetry. In case of monolayer Cr film, there will be less electronic overlap from

neighboring Cr sites which helps in forming giant moments associated with each

site. Hence it is important to form atomically flat monolayer Cr film on suitable

substrate, because a monolayer film is a purely two-dimensional (2D) system. A better

understanding of magnetic structure of the film demands the detailed knowledge of

physical structure as well as a high control on the growth technique. This chapter

focus on the growth of an antiferromagnetic Cr monolayer on Ag(001) single crystal

substrate. The physical structure of Cr film plays a major role in determining the

magnetic and electronic properties and in case of Cr/Ag(001) system, the physical

structure of the film strongly depends upon different growth parameters. The

major growth parameters such as the growth temperature, effect of post-deposition

annealing, the Cr evaporation rate, smoothness of the substrate surface etc. have
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also been optimized for the best growth of flat monolayer Cr film on an Ag(001)

single crystal substrate.

3.2 Background works

Two-dimensional (2D) magnetism of ultrathin transition metal films has drawn the

attention of many earlier research works because of their exciting magnetic properties

at reduced dimensions [73–82]. The Ising-like magnetic behavior of these films have

made them fascinating due to the presence of long range 2D magnetic order that

exists at finite temperature contradicting the Heisenberg model. Freeman et al. [74]

has demonstrated from theoretical point of view that surface antiferromagnetic

properties are completely different from bulk antiferromagnetic properties. A full

potential linearized augmented plane wave (FLAPW) method calculation has shown

that transition metals V, Cr, Fe, Ni and Co shows enhanced magnetic moment at

surface, compared to their bulk counterpart. According to their calculation, the

magnitude of magnetic moment at Cr(001) surface is 2.49 µB; much higher than the

bulk magnetic moment of 0.59 µB. However their calculations predicted existence

of a ferromagnetic Cr(001) surface [75]. Angle resolved photoemission studies by

Klebanoff et al. [80] predicted a ferromagnetic Cr(001) surface with an associated

surface magnetic moment (2.4± 0.3) µB, quite close to the theoretical predicted

value. According to the total energy calculation of Blügel et al., [77] transition metal

Fe, Co and Ni favors ferromagnetic p(1×1) configuration whereas V, Mn and Cr

favors antiferromagnetic c(2×2) configuration as a monolayer overlayer on top of

Pd(100). In spite of the interesting physics, access to the surface antiferromagnetism

has been limited due to the experimental difficulties in detecting them. Newstead et

al. [84] performed electron spectroscopy experiments on Cr ultrathin film deposited

on Ag(001). They confirmed epitaxial growth upto two monolayers where the second

layer start to grow before the completion of first layer. The maximum thickness
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upto which monolayer Cr forms on the substrate is 0.33 ML coverage as per their

report. Photoemission measurements of Cr 3s multiplet splitting showed a rapid

reduction of magnetic moment with coverage, according to their studies. Polarized

neutron reflection measurements performed by Johnson et al. [81] reported long range

ferromagnetic order with enhanced magnetic moments in 0.33 ML Cr film, whereas

no ferromagnetic order was detected in a 3.3 ML film. Using inverse photoemission

technique, Ortega and Himpsel [85] has found that in case of Cr monolayer grown on

Ag(001) at 440 K a magnetic exchange splitting of 2.7 eV for majority spin state is

observed, which is 20 times larger than bulk Cr, suggesting a strong enhancement

of local magnetic moment in monolayer Cr. Another inverse photoemission report

by Haugan et al. [86] has shown collapse of magnetic splitting caused by lateral

compression of the Cr film on Cu(001) compared to Ag(001) and Au(001).

Supporting the theoretical prediction of Blügel et al. [77] the existence of an-

tiferromagnetic phase was first experimentally reported by Gewinner’s group [87].

Interestingly, it was observed by them that it was possible to grow flat monolayer of

Cr on Ag(100) when deposited at higher substrate temperatures (430-450 K). Their

x-ray photoelectron diffraction (XPD) and photoemission studies proved the growth

of flat monolayer under certain deposition conditions. Further, they also observed a

weak but distinct c(2×2) superstructure spots attributed to the 2D antiferromagnetic

order in the LEED pattern [87,88]. This was a significant step towards experimen-

tally studying the 2D antiferromagnetism. Even though many further experiments

were performed by the group of G. Gewinner, attempts by other groups to repeat

these experiments and observe the magnetic c(2×2) superstructure spots were not

successful. STM studies [89, 90] on the growth of Cr submonolayers at elevated

temperatures have reported Ag segregation/agglomeration, however have failed to

observe the magnetic c(2×2) superstructure spots in LEED and concluded that flat

Cr film on Ag(100) is not formed. Similarly, monolayer growth of Cr was noted from

the Inverse Photoemission studies [85] with enhanced magnetic moments, however
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failed to observe the c(2×2) LEED superstructure spots. The physical structure of

monolayer Cr on Ag(001) substrate is another interesting topic to investigate, since

the electronic as well as magnetic structure of monolayer Cr are strongly dependent

it. An in situ surface x-ray diffraction study by Steadman et al. [91] has shown the

sensitivity of Cr growth on Ag(100) at different temperatures. They observed the

growth of flat Cr monolayer on Ag(100) at higher substrate temperatures, however

could not confirm the magnetic ordering. Moreover, their results are in agreement

with the STM studies where segregation Ag on top of sub-monolayer Cr was confirmed

for growth at 430 K. Photoelectron diffraction experiments were performed by the

group of Gewinner [92–95] to answer the questions regarding structure of monolayer

Cr deposited on noble metal substrates and they came to interesting conclusions.

The reported contradictory observations among different research groups opened

up scope for further investigation on this system. It is a matter of substantial interest

to scrutinize why only one research group (that of Gewinner at Laboratoire de

Physique et de Spectroscopie Electronique, France) has reported repeated observation

of LEED c(2 × 2) half-order (1/2, 1/2) spots so far whereas many other groups were

unable to observe them. Hence here, we have undertaken a detailed growth study

of Cr monolayer on Ag(001) substrate at elevated temperatures and confirm their

antiferromagnetic ordering. However, it is worthwhile to mention that observation

of half-order spots in monolayer Cr film was successful only after many failed

attempts and over a period of two months. A detailed knowledge of different growth

parameters are very important in obtaining reproducible experimental results and

for better understanding the properties of the grown film. Thus, we have carried

out the Cr monolayer growth at different substrate temperatures, direct/step-wise

growth condition, different growth rates and at different sample/substrate annealing

temperatures and are characterized using LEED and photoemission studies. We have

optimized the best growth conditions for obtaining flat Cr monolayer on Ag(001)

with highest degree of antiferromagnetic ordering along with largest domain sizes.
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Different aspects of the growth, formation of c(2×2) monolayer domains and their

structural stability with temperature and possible interfacial alloy formation are

discussed in detail in this chapter.

3.3 The Cr/Ag(001) system

The order and strength of 2D magnetism in a monolayer Cr film strongly depends

on its physical structure. When deposited on a noble metal substrate, the magnetic

structure of the film is governed by different effects like film thickness, interfacial

strain due to lattice mismatch, intermixing or alloying at film-substrate interface etc.

The electronic structure of the film is expected to be moderated by the hybridization

between the transition metal d-bands and noble metal states. However, it is found

that the 2D electronic property of a free monolayer is essentially retained when the

monolayer is deposited onto the noble metal substrate as there is very little overlap

(hybridization) between the noble metal d bands and Cr 3d states, leading to the

electronic isolation. Hence, Ag(001) can be chosen as an appropriate substrate for

the growth of Cr overlayer on it. Within the binding energy window of 3 eV below

EF there are only dispersive Ag sp bands; the higher intensity Ag 4d bands lie at

higher binding energy (3-6 eV) range from EF . The Cr 3d bands appear within the

binding energy range of 0-2 eV and they does not intermix with the Ag 4d bands.

This is an advantage of choosing noble metal substrates over other substrates.

For the epitaxial growth, a deciding factor is whether the deposited film alloys

with the substrate either in the bulk or at the interface. Energy calculations of

Fu and Freeman [74] has shown stable Cr overlayers on Au(001). However, Hanf

et al. [97] reported that Cr diffuses inward Au(001) and replaces Au lattice sites

forming interfacial alloy. This alloy formation process is diffusion limited temperature

dependent phenomena; it also depends on the total amount of Cr involved in this

procedure. They observed interfacial alloy exists upto 4 ML or even more for Cr

Chapter 3. Monolayer Cr: growth



3.3. The Cr/Ag(001) system 73

deposition at 400 K. On the other hand, there is a large miscibility gap between Cr

and Ag in the bulk above their melting point [83] which implies no bulk alloying

or intermixing between Cr and Ag, unlike in the case of Cr and Au. This also

raises the possibility of layer by layer growth of Cr over Ag(001). In fact, a small

amount of Cr-Ag intermixing was detected in our experiment and this alloying was

found to be very critically depending on the growth/annealing temperatures. For

higher temperature, the alloying was found to be the main reason for destroying the

magnetism of the flat monolayer Cr film. Steadman and his group [91] concluded,

from their in-situ x-ray diffraction experiments, that about 22 ± 13 % exchange of

Cr sites with Ag occurs for the antiferromagnetic Cr monolayer deposited at 430

K; even though the monolayer structure was found to be generally stable with this

small intermixing.

Lattice matching between the deposited film and the substrate is another impor-

tant factor for the growth of any epitaxial film. Growth of Cr has already been tested

on various substrates like Cu(001) [86,98,99], Au(001) [97,100,101], Pd(001) [77] etc.

No surface alloying is reported in case of Cu(001); however, bi or multilayer growth

of Cr was observed on it. On top of Au(001), formation of interfacial alloy at room

temperature (RT) does not let the Cr overlayer become stable though there is a good

matching in lattice parameters. Blügel et al. [77, 78] has theoretically considered the

stability of transition metal overlayers on top of Pd(001). Strong enhancement of

magnetic moments of overlayer material was reported by them. Significant lattice

mismatch of overlayer with Pd(001) leads to intra atomic electronic isolation in the

overlayer as well as with the substrate which leads towards increment of magnetic

moments, they concluded. However, no experimental evidence of these transition

metal overlayers supported by Pd(001) in agreement with this theory is available.

On the other hand, many studies of Cr deposition on Ag(001) are reported with

RT growth leading to multilayer islands and high temperature growth leading 3D

island growth and alloying. However, flat monolayer growth was found to occur in a

Chapter 3. Monolayer Cr: growth



3.3. The Cr/Ag(001) system 74

certain temperature window showing that epitaxial growth was indeed possible for

Cr on Ag(001) [91–95]. Monolayer growth of Cr was reported on Ag(001) substrate

while deposited at elevated temperature (430-450 K). The face centered cubic (fcc)

Ag has a lattice parameter of 4.09 Å whereas the Cr with its body centered cubic

(bcc) structure has a lattice parameter of 2.88 Å which is close to
√

2 times less than

the lattice parameter of Ag. Hence Cr shows pseudomorphic growth on Ag(001)

with its crystallographic <100> direction rotated 450 with respect to Ag. In figure

3.1 (a), the top surface atomic arrangement of Ag(001) substrate is shown with

its non-primitive surface unit cell; on the other hand in figure 3.1 (b) a primitive

unit cell of 1 ML Cr is presented. Figure 3.1 (c) shows monolayer of Cr deposited

on Ag(001) with its unit cell rotated 450 that of the Ag crystal. The estimated

lattice mismatch is tiny, only 0.3%, therefore pseudomorphic growth is possible with

minimum interlayer strain at the interface.

2.88 Å Fcc surface 

unit cell 

Bcc surface 

unit cell 

(a) (b) (c) 

<
1

0
0

>
 

<010> 

Figure 3.1: (a) Top surface of Ag(001) fcc crystal; the surface non-primitive unit cell
is shown which has lattice constant 4.09 Å (b) 1 ML Cr with its surface unit cell having
lattice constant 2.88 Å (c) bcc Cr grows on fcc Ag(001) crystal epitaxially with its <100>
crystallographic direction 450 rotated.

However, there is an opposing factor in the growth of Cr on Ag(001); the Cr

surface energy (2400 mJ/m2) almost double than that of Ag (1250 mJ/m2), according

to Bauer’s criterion [96] and would only form (if at all) under non-equilibrium growth
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conditions. Hence at RT, bi or multilayer epitaxial Cr island formation on top of

Ag(001) is expected in order to minimize the surface free energy, which is proved

from many earlier spectroscopic and diffraction studies [82, 84,85, 97,100,101]. STM

experiments [89, 90] also confirmed multilayer Cr island formation under RT growth

condition. Under low temperature (100 K) deposition, Cr grows rather non-uniformly

or randomly on top of Ag(001). The epitaxial quality of the film is significantly

worse as concluded by Hanf et al. [94] from their LEED studies. The spot size in

the diffraction pattern is broad, with low spot intensity and the Cr film is quite like

‘hit and stick’ type. The Cr atoms, as they come from the evaporator, stick to the

same position on the Ag(001) substrate surface where they hit, due to much reduced

surface mobility at this low temperature. The rough growth and bad crystalline

order at 100 K was also confirmed by Steadman et al. [91] from their in situ surface

x-ray diffraction studies where they observed a weak x-ray intensity oscillation with

a quick intensity decay. On the other hand, deposition at higher temperature (430

- 450 K) increases the in-plane mobility of Cr atoms and drifts them to cover the

Ag(001) surface resulting in the formation of flat Cr monolayer, which is reported by

the group of Hanf et al. [82, 97,100–103].

We have deposited 1 ML Cr film on Ag(001) substrate at various growth temper-

atures and performed LEED as well as ARPES experiments to optimize the most

suitable growth condition for the preparation of flat monolayer Cr film. Different

major parameters that controls the growth phenomena also have been identified as

well as optimized to obtain Cr monolayer film with highest antiferromagnetic order.

3.4 Experimental details

3.4.1 Growth

The complete growth procedure of Cr film on Ag(001) was performed within UHV

preparation chamber of the ARPES system at Saha Institute of Nuclear Physics,
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Kolkata. As mentioned in chapter 2, this chamber is equipped with Ar+ ion sputtering,

sample annealing, metallic or metal-oxide evaporation facilities and also a Low Energy

Electron Diffraction (LEED) apparatus. Cr was evaporated from a highly pure rod

of 2 mm diameter (99.5%, American Elements, USA) kept inside an electron beam

evaporator which was pre-calibrated by a water cooled quartz microbalance. A

well polished Ag(001) single crystal, of 10 mm diameter and 2 mm thickness (from

MaTeck GmbH, Germany), was mounted on a sample holder capable of either resistive

or electron beam heating the sample with a K-type thermocouple fixed on it to

measure the sample temperature. The Ag crystal was prepared by repeated cycles

of sputtering with Ar+ ion (Ar pressure = 3 × 10−6 mbar, beam energy = 600 eV,

integrated ion current 1.0 µA) for 20 minutes followed by annealing at 823 K for 30

minutes until a sharp and bright p(1 × 1) four-fold LEED pattern is observed. Cr

was evaporated from the well-degassed electron beam evaporator at a rate of about

0.2 Å/min and deposited on Ag(001) crystal. The quartz microbalance was mounted

on a Z-shift; hence the deposition rate was measured by placing it at exactly the

same growth position where the substrate was kept during Cr deposition. This helps

to obtain better accuracy in deposition rate measurement. The chamber pressure was

maintained below 2 × 10−10 mbar during deposition. For high temperature deposition

the sample temperature was brought down to RT immediately after deposition is

over and was placed under the LEED apparatus to detect the crystalline quality of

the film.

3.4.2 Low Energy Electron Diffraction studies

Low Energy Electron Diffraction studies performed on the 1 ML Cr film deposited on

Ag(001) provide important information on the structural symmetry and magnetism

for this film. Low energy electrons (1 - 200 eV) coming through the four-grid LEED

apparatus (OCI Vacuum Microengineering, Canada) impinges on the sample surface
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and the elastically backscattered electrons produce the diffraction pattern on the

phosphor screen. Low energy electrons having very low penetration depth (5-10

Å) are highly surface sensitive probing mainly the top most surface structure. As

described earlier, the Ag(001) surface is prepared very well before deposition of

metallic layers over it. In figure 3.2 (a) the LEED pattern of Ag(001) crystal is shown

Figure 3.2: p(1 × 1) LEED pattern showing the four fold integer order spots in case
of (a) clean Ag(001) substrate (b) 1 ML Cr deposited on Ag(001) at 300 K (RT). (c) 1
ML Cr deposited on Ag(001) at 428 K. (d) Enhanced contrast of figure (c); four extra low
intensity spots are visible at (1/2, 1/2) positions.

at beam energy 40 eV. The p(1 × 1) diffraction pattern has a four-fold symmetry.

When 1 ML Cr is deposited on it at RT, no deviation from p(1 × 1) LEED pattern

is observed [figure 3.2 (b)], except the (1,0) spot intensities goes down a bit and

their FWHM increases compared to bare clean Ag. In figure 3.2 (c), the LEED of

an 1 ML Cr film grown over Ag(001) at 428 K is shown for same electron beam

energy of 40 eV. There is no apparent deviation of the LEED pattern from p(1 ×

1) symmetry, however the LEED spots are sharper compared to RT growth. Under
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enhanced contrast of the LEED image, as shown in figure 3.2 (d), four extra spots

with c(2 × 2) symmetry are observed. These extra spots have very weak intensities

compared to the integer order (1,0) spots. They are only visible with highly sensitive

12 bit peltier cooled camera associated to our LEED apparatus under high aperture

and high gain parameter mode. Assuming the specular spot to be the center with

coordinate (0,0), these extra spots are located at (1/2, 1/2) positions and hence they

are termed as ‘half-order’ spots. These half-order spots are completely absent for

sample growth at RT, indicating that very high quality of the monolayer film grown

at 428 K are responsible for these half-order spots.
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Figure 3.3: (a) The average intensity plot of the c(2 × 2) half orders (LEED IV) is shown
against electron beam energy range 20-45 eV.

These half-order spots appear in the diffraction pattern within a narrow beam

energy range of 20-40 eV and further beyond 60 eV they are hardly detectable. Due

to their very low intensity, they are distinctly visible until the integer order spots

enter into the field-of-view of the LEED screen. At higher beam energies, the (1,0)

spots enters the LEED screen and these weak half-order spots are masked by the

background of the high intensity integer orders making them invisible. In case of

elevated temperature deposition, when the crystal is placed under LEED immediately
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after the growth of 1 ML film, the half-order spots are almost undetectable; their

intensity becomes gradually visible as the sample cools down to RT. LEED images are

collected for different beam energies and averages intensities of all the four half-order

spots (I) are plotted against primary electron energy (V), formally called LEED IV

plot. Experimental IV plot of the c(2 × 2) half-order spots of an 1 ML Cr/Ag(001)

is shown in figure 3.3 for the beam energy range of 20-45 eV. Only above 20 eV, the

half-order spots enter the LEED screen. It is evident that at 23 eV beam energy the

spots show maximum intensity. Intensity falls down significantly with increment of

beam energy with a hump visible close to about 40 eV. Beyond 40 eV, the intensity is

extremely low and could not be measured with our LEED system, though the spots

were barely visible up to 60 eV. On the other hand, integer order (1,0) spots have

the maximum intensity at about 55 eV beam energy. Thus at the respective intensity

maximas, the intensity ratio between half-order spots to that of the integer order

spots is about 2%, when measured at RT.

Though c(2 × 2) half-order spots are visible even at higher beam energy upto 60

eV with our LEED apparatus the intensity of these spots are extremely low here and

is hardly detectable. On the other hand, below 20 eV the half orders do not enter

into the field of view of LEED screen. In figure 3.4 (a), the LEED pattern is shown at

23 eV beam energy for monolayer Cr film deposited on Ag(001) substrate at growth

temperature of 428 K. The LEED data is collected at RT, where distinguishable

four-fold pattern is visible. Apparently, these pattern appears to be of p(1 × 1)

type. But, these are actually half-order (1/2, 1/2) spots with c(2 × 2) symmetry.

The first integer order spots are yet to enter the field-of-view of LEED screen at

this low electron beam energy. These half-order spots are believed to appear due

to exchange interaction between the incident electrons and the surface Cr magnetic

moments [34, 104,105]. The Cr moments of the monolayer are antiferromagnetically

arranged being supported by the Ag(001) crystal. Their proposed spin ordering [77]

has been demonstrated in the schematic diagram of figure 3.4 (d). As the exchange
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Figure 3.4: (a) LEED pattern of monolayer Cr film deposited at 428 K; existence of
distinguishable four-fold half-order (1/2, 1/2) spots. Integer order (1,0) spots do not enter
into the field-of-view of LEED screen at this low beam energy. (b) LEED pattern of
monolayer Cr film deposited at 300 K; no existence of (1/2, 1/2) spots. (c) Line profile
drawn over half-order spots at different sample temperatures: 300 K, 380 K and 460 K;
showing intensity variation of half orders at different temperatures. (d) Schematic of
antiferromagnetic spin arrangement in monolayer Cr film over Ag(001).

scattering is much weaker force compared to the coulomb (or charge) scattering

(which creates the integer spots in LEED), intensity of the half-order spots are

significantly lower than the integer spots. In figure 3.4 (c), line profiles are drawn

over the half-order spots within the rectangular area indicated in figure 3.4 (a) for

different sample temperatures. At RT (300 K), the half-order intensity is quite

stronger, while it decreases to almost half of its initial value at 380 K. When the film

is heated to 460 K, their intensity vanishes to almost zero. Intensity variation of the

half-order spots are shown rigorously and discussed in detail in the next section. The

observed weak intensity of the half-order spots, their appearance only at low electron
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energy region and their diminishing intensity with increasing electron energy as well

as the temperature dependence of these spots, all confirm their antiferromagnetic

origin and rules out other possibilities such as formation of ordered c(2 × 2) surface

alloy structure or a displacive reconstruction of the top layers [87, 106]. Rather,

they are evidences of the 2D antiferromagnetism persistent in the monolayer Cr film

grown over Ag. As the exchange interaction strength is much lower than the coulomb

interaction, the intensity of the half-order is only 1-2% compared to the integer orders.

In fact, the existence of half-order spots due to surface antiferromagnetism is already

known in the literature. The first observation of extra (half-order) spots in LEED

due to exchange scattering was reported in case of NiO single crystal by Palmberg et

al. [34]; the temperature dependence of these exchange refection intensity was also

performed by them [104,105] and few other groups [107,108] which determined the

Néel temperature quite correctly for that sample. In fact, we performed rigorous

LEED studies on NiO (100) single crystals as well as epitaxial thin films grown on

Ag(001) which reveals existence of p(2 × 2) half-order spots similar to the observation

by Palmberg et al. [39]. Surface antiferromagnetic twin domains in NiO samples were

imaged by us using the dark-field (DF) mode of the Low Energy Electron Microscope

(LEEM) and have been described in detail in reference [109] as well as in chapter 7

of this thesis. For the case of monolayer flat monolayer Cr film, the existence of c(2

× 2) half-order spots were first observed by Hanf et al. [82] and further many studies

were undertaken by the same group [87,88,92–94,97,100,101,106]. Many of these

studies were found to be self contradictory and in spite of extensive study by the same

group, no conclusive picture of the structural and magnetic ordering were arrived at.

Moreover as mentioned earlier, no other group could reproduce these experiments

and could not obtain the half-order spots confirming the antiferromagnetic ordering

of the Cr monolayer grown on Ag(001). However, their studies have reported that

that there is a persistent antiferromagnetic order of the Cr sites with enhanced

magnetic moments in the flat monolayer Cr film grown at 430-450 K on Ag(001)
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which is reflected in the existence of (1/2, 1/2) spots for LEED at beam energy less

than 60 eV. Therefore, our observation of LEED half-order spots unambiguously

support the antiferromagnetic ordering in the monolayer Cr film. As it is evident

that the antiferromagnetic strength of the sample and hence the half-order spot

intensity as well as width is strongly correlated with the size of monolayer Cr domains

formed over Ag(001), we have used half-order spots as a vital and most crucial tool

to optimize different growth parameters for obtaining flat Cr films with maximal

antiferromagnetic ordering.

3.4.3 Temperature dependence of half-order spots: interfacial

intermixing

As shown in figure 3.4 (c), a flat monolayer Cr/Ag(001) film show distinguishable

intensity of the half-order spots at RT. The characteristic intensity path/curve

followed by half orders is evident from figure 3.5, where the intensity plot of half-

order spots are shown against temperature of the film. The film was cooled down
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Figure 3.5: Temperature variation of LEED (1/2, 1/2) spots. Once their intensity
vanishes to zero they do not reappear back upon cooling down the sample.
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to liquid nitrogen temperature first and then heated up gradually to measure the

intensity variation of the half-order spots and after completion of heating cycle the

sample was again cooled back to low temperature. Heating of the sample from

225 K to 373 K shows almost linear decrement of half-order intensity as shown

by the open black squares data points. When the sample is cooled back to low

temperature, it follows back almost the similar path (filled black squares). The

magnetic strength/ordering of the sample decreases due to thermal fluctuations

which indicates the trend of a transition from antiferromagnetic to paramagnetic

phase. However, when the sample temperature exceeds above 420 K an exponential

decay in the half-order spot intensity is observed (open red circles). Close to 455

K, intensity of the half-order spots almost vanishes and above which their intensity

remains zero. The experimental results are consistent with the antiferromagnetic to

paramagnetic transition for the case of 2D antiferromagnets with a Neel temperature

of about 455 K, which is much higher than that for the case of bulk Cr (311 K). Similar

experimental results have been observed by Hanf et al. [88] where they observed

a transition temperature of 462 K. Similar temperature dependence of the surface

antiferromagnetism is also observed for the case of NiO single crystals [107,108] as

well as for NiO thin films (see Chapter 7). However, when the sample is cooled

down to lower temperature the half-order spots do not reappear back. Even after

measurements down upto 225 K (filled red circles), we do not observe any trace

of c(2 × 2) half-order spots. This indicates that the magnetic transition that we

had observed from antiferromagnetic c(2 × 2) phase to paramagnetic phase is not a

reversible one! From further experiments (see in next sections), it is evident that

the antiferromagnetic order is strongly dependent on the physical structure of the

film. In fact, it is clear that the flat monolayer structure Cr film breaks due to

Cr-Ag intermixing at the interface [110] which destroys the antiferromagnetism of

the film completely. This intermixing/alloying is an irreversible process and the

antiferromagnetic order of the film can not be recovered even when sample cooled
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back to 225 K. Thus here, the magnetic and structural factors are intermixed and is

difficult to define the transition temperature observed (Tt) as the Neel temperature

(TN ) of the sample. Further experiments using surface structure sensitive techniques

together with half-order LEED experiments are required to address this issues in

detail and will be part of the future plan.

3.4.4 Optimization of the growth temperature

In figure 3.6, LEED pattern measured at RT of 1 ML Cr film deposited on Ag(001) for

different substrate temperatures are shown for electron beam energy of 23 eV. LEED

pattern at 300 K [figure 3.6 (a)] does not show any half-order spots as discussed

in figure 3.4. Faint c(2 × 2) spots are visible for 373 K grown sample [figure 3.6

(b)], while the half-order intensity increases further for 406 K grown sample. Clearly

distinguishable half-order spots appear for growth temperature 417 K [figure 3.6 (d)];

whereas maximum intensity of the half orders is visible for 428 K deposition [figure

3.6 (e)]. The half-order intensity decreases with further enhancement of growth

temperature as shown in figure 3.6 (f); the half-order spots are barely visible for

deposition at 455 K substrate temperature. This indicates that the antiferromagnetic

order of the 1 ML Cr film sensitively depends on the growth temperature. Our

experimental data shows the sample grown at 428 K has the maximum magnetic

exchange interaction strength and hence the highest antiferromagnetic order.Now,

we have utilized the antiferromagnetic characteristics of flat Cr monolayer film to

optimize the best growth temperature. 1 ML Cr (as calibrated from quartz thickness

monitor) has been deposited on Ag(001) substrate kept it at different temperatures.

Intensity of LEED c(2x2) half-order spots has been measured for each case at RT

keeping the same imaging parameters. In figure 3.7, we show the growth temperature

dependence of the average intensities (of the four) c(2×2) half-order spots extracted

from the LEED images for 1 ML Cr film measured at RT (as shown in figure 3.6).

Chapter 3. Monolayer Cr: growth



3.4. Experimental details 85

Figure 3.6: LEED of 1 ML Cr film deposited on Ag(001) at various growth temperatures
: (a) 300 K (b) 373 K (c) 406 K (d) 417 K (e) 428 K (f) 455 K. All the LEED data are
presented for 23 eV electron beam energy with enhanced contrast to show the half-order
(1/2, 1/2) spots. Location of the c(2×2) half-order spots are indicated by small arrows.
The integer order spots do not enter into the field of view of screen at this low beam energy.
Position of the half orders appear to be rotated in different images due to mounting of
Ag(001) crystal substrate on the sample holder. Maximum half-order intensity is visible at
428 K growth temperature.

Very faint intensity of the half-order spots are observed for growth at 373 K

which increases with higher deposition temperature. Maximum intensity of the half

orders are visible at 428 K. Above this temperature, the half-order intensity falls

down again and almost vanishes close to 463 K growth temperature. Not only the

spot intensities but also the full width at half maxima of the spots vary for growth at

different temperatures. Line profiles drawn over the half-order spots for 1 ML Cr film

deposited at different temperatures is shown in Inset I of figure 3.7, clearly indicating

the maximum intensity for half-order spots at when grown at 428 K. Not only the
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Figure 3.7: Average intensity of c(2×2) half-order spots of 1 ML Cr film deposited on
Ag(001) at different substrate temperatures. Inset I: Line profile over LEED half-order
spots of 1 ML Cr film deposited at different temperatures. Inset II: FWHM values (in
pixels) of the half-order line profiles of 1 ML Cr film deposited at various temperatures.

spot intensities, but also the full width at half maxima (FWHM) of the c(2×2)

half-order spots vary for the growth at different temperatures. In fact, this variation

of the FWHM of the half-order spots in pixels for different growth temperatures are

shown in inset II of the figure 3.7. Here we clearly observe that the minimum value of

the FWHM occurs at the same temperature where the half orders have a maximum

intensity (at 428 K), which can also be observed in the line profile of Inset I. The

average FWHM values of the spots are inversely proportional to the physical size

of the monolayer Cr islands formed on Ag (001) surface. Since electron diffraction

is a k (momentum) space phenomenon, formation of larger c(2×2) domains results

in sharper half-orders with lower FWHM. At the growth temperature of 428 K, the

maximum intensity of the half orders points to a long range antiferromagnetic order,

resulting in maximum size of the monolayer c(2×2) Cr island domains. This is

consistent with the observation in inset II that we have the minimum FWHM for
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428 K with maximum intensity. Taking inverse of the FWHM of half-order spots in

proper units, a rough estimate of the the average antiferromagnetic c(2×2) Cr domain

sizes can be estimated [110]. Hence, the best growth temperature for deposition of

monolayer Cr domains on Ag(001) substrate is assured to be close to 428 K from

growth cum LEED studies.

As mentioned earlier, the higher surface energy of Cr is a barrier for the flat layer

by layer growth of Cr, wetting the Ag(001) surface. But at elevated temperature,

the enhanced in-plane thermal mobility attained by the Cr atoms helps them to

distribute all over the Ag(001) surface, forming monolayer Cr domains. But, this 1

ML Cr/Ag(001) system is deprived of thermodynamic stability because of enhanced

surface energy of the system. To minimize the surface energy and to attain stability,

it is found that a monolayer of Ag atoms segregates over the Cr monolayer. Enhanced

mobility of the Ag atoms at higher growth temperature also helps them to segregate

on top the Cr monolayer and to dynamically reduce the surface free energy during the

growth. Hence, in case of deposition of monolayer Cr at 428 K, it grows in a 1 ML Ag/

1 ML Cr/ Ag(001) sandwich structure [111]. On the other hand, at RT deposition,

Cr grows in multilayer island mode. Thus, RT deposited Cr monolayer may also

include some monolayer islands along with bi- and multilayer islands. Details of the

geometric as well as magnetic structures of Cr monolayer will be discussed in the

fourth chapter.

3.4.5 Valence band photoemission studies

The valence band photoemission studies of 1 ML Cr film grown at different substrate

temperatures were performed in the analysis chamber of the ARPES system after

in-situ transfer from the growth (preparation) chamber. Figure 3.8 (a) shows ARPES

line profiles at Γ position (for details regarding the Brillouin Zone and symmetry

directions, please see Chapter 5) for 1 ML Cr films deposited on Ag(001) with He Iα
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Figure 3.8: Figure (a): ARPES spectra from 1 ML Cr film at Γ using He Iα photons for
different cases; spectra (a) film deposited at RT (300 K), spectra (b) deposited at 428 K,
spectra (c) deposited at 428 K and further annealed at 428 K, spectra (d) deposited at 428
K and annealed at 453 K are shown. Figure (b): ARPES spectra from 1 ML Cr film at Γ
using He IIα; spectra (a) film deposited at RT (300 K), spectra b) deposited at 428 K. All
measurements have been performed at RT.

was used as photon source (hν = 21.2 eV). All the spectral data presented here were

collected at RT if not mentioned otherwise. For RT deposited 1 ML Cr film [spectra

(a), red] there are two main features visible. Close to the Fermi level there is a feature

at about 0.6 eV binding energy; a second feature having an weak intensity is visible

at 1.1 eV. The spectral character becomes quite different in case of 1 ML Cr film

deposited at 428 K. In this case, [spectra (b), blue] two features appear respectively at

1.05 and 1.4 eV binding energy positions (marked by ticks). As it is established from

the LEED data that the 428 K sample possesses the long-range antiferromagnetic

ordering and the valance band structure is expected to show the antiferromagnetic
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band structure. In fact, these two bands observed are indeed corresponds to the

antiferromagnetic Cr 3d bands with Γ5 and Γ1 symmetries respectively, in good

agreement with the expected antiferromagnetic band structure reported earlier [16,

32]. Further details on the dispersions and comparison with theoretical calculations

will be discussed in Chapter 5. There exists no band close to the Fermi level for the

antiferromagnetic Cr monolayer (see chapter 5); on the other hand, in case of RT

deposited Cr monolayer the band at 0.5 eV binding energy is a dispersive one and it

crosses the Fermi level as seen in the ARPES data (not shown here). This feature

resembles to the surface states found in bulk Cr(001) [112] and expresses metallic

nature of the film deposited at RT. The multilayer Cr islands formed on Ag(001)

under RT deposition give rise to this state. However, the feature at 1.15 eV for the

RT grown sample does not match with that of bulk Cr(001) states, but is very close

to the antiferromagnetic feature observed for 428 K grown sample. Thus, this feature

is likely to be originating from the antiferromagnetism of few monolayer platelets

(among the multilayer islands) present in the RT grown sample. After the deposition

of monolayer Cr film at 428 K, when it is passed through annealing at the same

growth temperature for 30 min, the antiferromagnetic band intensity is found to

decrease significantly [see the spectra (c), green]. Now, the c(2×2) half-order LEED

spots are also almost invisible. A further annealing at even higher temperature of

453 K results in complete destruction of the antiferromagnetic band structure as

clear from the flattening of line spectra [spectra (d), black]. Thermal treatment

helps in Ag-Cr intermixing process to take place at the interface. The crystalline

as well as antiferromagnetic order of the process to take place film is gradually lost

by this intermixing process. As the antiferromagnetic strength of the film decreases,

intensity of the half-order spots diminishes, also the intensity of the Cr 3d band

features weakens. After annealing at 453 K, there forms Ag-Cr alloy all over the

Ag(001) surface destructing the crystalline order of the film completely. Almost equal
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illumination is visible over the whole 0-2 eV binding energy range in the ARPES

data in this case [see spectra (d)].

Similar features were observed in the valence band of 1 ML Cr when a different

photon energy source (He IIα, hν = 40.8 eV) was used to excite the valence electrons,

as seen in figure 3.8 (b). For RT deposited film a broad feature is observed close

to 1 eV, similar to the He Iα data show in figure 3.8 (a), in agreement with the

multilayer island growth mode at RT. The elevated temperature deposited film, on

the other hand, shows two well resolved features at 1.09 eV and 1.4 eV; similar

antiferromagnetic features as observed with He Iα photon source. The photoemission

cross-section and hence the intensity of the Cr 3d bands decreases with increasing

probing photon energy ; probably is the reason why we do not observe a clear/distinct

feature at 1.1 eV binding energy for the RT grown sample with He IIα data. The

bare Ag(001) substrate has no bands at Γ position within the binding energy window

of 0-2.5 eV (not shown here) and has only flat featureless low background. Because

of better intensity and resolution of the valence band features, we prefer to use He Iα

photon source for optimizing different growth parameters for better accuracy.

3.4.6 Direct vs. step deposition of Cr

As we observed that annealing the Cr film results in Cr-Ag intermixing, it is best to

cool down the sample as soon as the deposition at elevated temperature is over. We

further observe that a step deposition (incremental) growth of monolayer Cr result in

alloying of Cr and Ag at the interface resulting in the destruction of antiferromagnetic

phase. On the other hand, a direct (single shot) deposition of 1 ML Cr on Ag(001)

at elevated temperature prepares a good quality flat monolayer Cr with long range

magnetic ordering. In figure 3.9 we show line profiles over LEED half-order spots

along with ARPES line profiles at Γ position for three different converges 0.2 ML,

0.4 ML and 1 ML Cr film deposited on Ag(001). In figure 3.9 (a) and (c)the data are
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Figure 3.9: Line profiles over LEED half-order spots for Cr film coverages 0.2, 0.4 and
1 ML respectively; (a) deposition in step of 0.2 ML coverage (b) deposition of desired
thickness in single shot. ARPES line scan of these Cr coverages at Γ; (c) deposition in step
of 0.2 ML (d) direct deposition.

shown for Cr film deposited with a step of 0.2 ML coverage, which means, a 0.2 ML of

Cr is deposited first on Ag(001) substrate at 428 K and then the film is cooled down

to RT for performing LEED and photoemission measurements. Another 0.2 ML Cr is

deposited on Ag(001) again at 428 K to prepare 0.4 ML film and so on. On the other

hand, figure 3.9 (b) and (d) represents data for the same three thicknesses where each

desired thickness is grown directly (in single shot). In figure 3.9 (a) as we observe

a weak feature in the ARPES line spectra close to 1.4 eV binding energy position

for the case of 0.2 ML coverage (in-fact for 0.2 ML, the step-deposition and direct

deposition is the same); the dispersion of these bands (see chapter 5) in the ARPES

data suggests these bands to be of antiferromagnetic nature. However, no half-order
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spots are visible in LEED for 0.2 ML coverage and no peaks were observed in the

LEED line profiles (see 0.2 ML coverage in figure 3.9 (a). It is expected that tiny

monolayer Cr islands will form, since the coverage is only 0.2 ML. For low coverage of

the film, the size of the antiferromagnetic domains will be limited to the physical size

of the film islands (platelets). Therefore the antiferromagnetic interaction strength

of the sample is weak (as the antiferromagnetic correlation lengths here are much

smaller than the LEED coherence lengths of about 30-50 nm) which is reflected in

LEED where the half orders are almost invisible, or may be of so weak intensity

that they are masked by the background intensity. When 0.4 ML Cr film is formed

by step deposition, no half-order spots still appear in the LEED pattern; moreover,

the antiferromagnetic Cr 3d band feature intensity significantly reduces. Even for

1 ML Cr film deposited in this step deposition process, no half-order spots are

visible in the LEED line profiles and the antiferromagnetic band feature are also

completely vanished from the ARPES spectra. However, the Cr films grown in the

direct deposition method gets the maximum intensity for the LEED half-order spots

as well as for the antiferromagnetic Cr 3d band intensity, in comparison to step

deposition method. The Ag-Cr intermixing process at the interface under thermal

treatment is at the root cause behind this phenomena. When a second 0.2 ML Cr

is deposited on Ag(001) at elevated temperature, the first 0.2 ML already grown

on the substrate is annealed and mixes up with Ag forming interfacial alloy which

destroys the antiferromagnetic structure of the film. In this way, the step deposited

film forms an alloy upon repeated annealing, completely destroying the crystalline as

well as antiferromagnetic structure of the film. The situation is completely different

in case of direct depositions. As the deposited film grows in flat monolayer mode

and their domain size increases as we deposit higher coverages. Bigger domain

size corresponds to longer antiferromagnetic correlation length and more exchange

scattering strength, which is reflected in the increment of c(2 × 2) (1/2, 1/2) spot

intensity and enhancement of the Cr 3d antiferromagnetic band features. 0.4 ML Cr
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film deposited directly at 428 K on Ag(001) shows distinguishable half-order intensity

in LEED and higher Cr 3d band intensity than 0.2 ML film. A direct deposition of 1

ML Cr film results in increment of LEED half-order intensity more than 2.5 times

than 0.4 ML film. In ARPES line profile, the peak is now resolved into two different

features at 1.1 eV and 1.4 eV respectively with their significantly enhanced intensity.

Thus for the optimal deposition of antiferromagnetic Cr film, it is essential

to deposit the desired coverage in a single shot at elevated temperature. A step-

by-step coverage deposition even at 428 K will not prepare the two dimensional

antiferromagnetic Cr film.

3.4.7 Optimizing Cr deposition rate

For the growth of high quality epitaxial films, it is well known that a lower growth

rate is desirable as the atoms on the surface has sufficient time to find the optimum

positions as well as to relieve off any undesirable strain. Through rigorous studies on

optimizing different growth parameters we found that having suitable Cr deposition

rate is also an important parameter while growth occurs at elevated temperature. It

is worthwhile to mention that because our focus is confined within Cr film coverage

below 1 ML and the thermodynamics plays a significant role in formation of flat

film covering up the Ag(001) surface, a high rate of Cr deposition is not appropriate.

However in the case of Cr flat monolayer growth at elevated temperatures, we find

that if we use a very low rate then the interfacial alloying is favorable, disrupting

the flat growth mode as well as the crystalline ordering of the overlayers. This

leaves us with the necessity to fine tune the growth rate and to obtain the optimal

Cr rate in order obtain the highest quality flat Cr monolayer. According to our

experimental results, the c(2 × 2) half-order intensity becomes 1.5 times higher in

case of growth rate of 0.2 Å/ min than a comparatively three times lower rate of

0.06 Å/min. Intensity of the antiferromagnetic Cr 3d feature in ARPES line scan
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Figure 3.10: (a) Line profiles over LEED c(2 × 2) half-order spots for 1 ML Cr films
grown with deposition rates 0.2 Å/min and 0.06 Å/min. (b) Line profile scan at the Γ
position of ARPES data for bare Ag(100) substrate, 1 ML Cr grown at 428 K.

also increases almost by 2 times; showing a similar trend. A very slow deposition

rate implies a longer deposition time which helps to set in significant amount of

Cr-Ag intermixing at Ag(001) surface. A growth rate of 0.2 Å/ min is found to

be the optimal growth rate for good structural quality as well as high degree of

antiferromagnetic ordering.

3.4.8 Importance of a smooth substrate surface

As we discussed, a flat growth of monolayer Cr film is essential to achieve two

dimensional (2D) antiferromagnetic long range order. Therefore atomic flatness of

the substrate is a very important parameter because its smoothness and structural

perfection controls the quality of the overlayer film. As discussed by Hanf et al. [82],

at the initial stages of deposition, the Cr atoms have interaction with the step

edges and defect sites. Moreover, substrate surface with terraces and islands posses

potential energy barriers at the step edges which reduces surface mobility of the

adatoms and eventually affects the crystalline order of the film. Hence a very high
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quality substrate surface free from defects, terraces and impurities are expected

to favor the growth of flat Cr monolayer islands when deposited under optimized

growth condition. According to our experimental results, we never observed the
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Figure 3.11: (a) LEED line profiles drawn over half orders for 1 ML Cr film deposited
on Ag(001) substrate annealed at 823 and 773 K. (b) corresponding ARPES line profiles
drawn at Γ.

antiferromagnetic half-order LEED spots in case of monolayer Cr film until the

Ag(001) crystal was annealed at temperature higher than 673 K. In figure 3.11

ARPES line profiles drawn at Γ position are shown for Cr films deposited at the same

growth condition but on Ag(001) substrate annealed at two different temperatures

along with LEED line profile drawn over half-order spots. In case of annealing the

substrate at 773 K, the intensity of both half-order spots as well as ARPES features

are lower. However, annealing the substrate at higher temperature (823 K) improves

the surface quality as evident form the enhanced intensity of integer order (1, 0)

spots of bare Ag(001). A monolayer Cr film deposited on it at optimized condition

shows half-order intensity almost double than than on substrate prepared at 773 K.

Intensity of the valence band features also become 2.5 times in comparison to the

deposition on 773 K annealed substrate.
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3.5 Summary

A detailed study on the growth of monolayer Cr film has been performed and various

assisting parameters essential for the formation of flat monolayer Cr film with long

range antiferromagnetic ordering has been optimized and discussed [110]. The growth

temperature is the one of the most crucial parameters which determines the multilayer

or monolayer growth mode. The direct deposition during high temperature growth

is another important parameter; an antiferromagnetic Cr monolayer can never be

prepared under step deposition growth mode. The other parameters which helps

in growth of flat Cr monolayer with better crystalline quality are Cr deposition

rate and annealing temperature for preparation of the Ag(001) substrate. A post

deposition annealing of the sample destroys the crystalline quality as well as 2D

antiferromagnetism of the film as evident from LEED and ARPES studies, whereas

depositing Cr on Ag(001) with all the above mentioned parameters optimized and

immediately cooling down the sample after deposition to RT prepares a high quality

flat monolayer Cr film having highest long range antiferromagnetic ordering.
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Structure of antiferromagnetic Cr monolayer
on Ag(001)

4.1 Introduction

The recent emergence of the field of spintronics has led to renewed interest in the

electronic and magnetic properties of surfaces and interfaces of ferromagnetic and

antiferromagnetic metals. The reduced dimensionality of such surface and interface

systems leads to a host of interesting properties that could conceivably be exploited

for device applications. Increment of volume of the unit cell and narrowing of

electronic band structure near Fermi level can be related with change in magnetic

behavior at the surface and in ultrathin films. For instance, theoretical ab initio

density functional theory (DFT) studies by Freeman and Fu [73–75] and by Blügel et

al. [77–79] predicted strong enhancement of magnetic moments on the surfaces of 3d

transition metals, as well as their overlayers on noble metal and other non-magnetic

substrates. As examples of this, calculations [77] have shown that late transition

metal (Fe, Co and Ni) overlayers on the Pd(001) surface prefer a ferromagnetic

p(1× 1) configuration, whereas early transition metal (V, Cr and Mn) overlayers

This work has been published in Physical Review B, 91, 125435 (2015).
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favor an antiferromagnetic c(2×2) spin superstructure. Moreover, due to the current

demand for size reduction of spintronic devices, there is a search for novel materials

with anisotropic magnetoresistance. It has been shown that not just ferromagnetic,

but also antiferromagnetic (AFM) materials, could become promising candidates for

this purpose. [113,114] While there have been a large number of experimental studies

on the properties of such two-dimensional (2D) ferromagnetic overlayers, there has

been relatively little exploration of 2D antiferromagnetism in such systems, primarily

due to the experimental difficulties in detecting surface antiferromagnetism.

Among the transition metals, Cr is expected to be particularly sensitive to changes

in coordination and symmetry, as it possesses a half filled 3d band. Earlier ab initio

DFT calculations have pointed out that one obtains enhanced magnetic moments

(close to atomic moments) on Cr surfaces, [73–75] and on Cr monolayers (MLs)

on metal surfaces. [77, 78] It has been found that the 2D electronic nature of a

freestanding monolayer is essentially retained when the monolayer is deposited onto

a noble metal substrate, as there is very little hybridization between the noble metal

d bands and Cr d states, leading to electronic isolation. [73,78] This leads to huge

(almost 500-600%) enhancement of magnetic moment in flat Cr monolayer.

At first, Cr might appear to be an ideal candidate for epitaxial growth on Ag(001)

for two reasons: (i) the nearest-neighbor separation in face-centered-cubic Ag (2.89 Å)

is only 0.3% greater than the lattice parameter of bcc Cr (2.88 Å), and (ii) there is a

large miscibility gap for the Cr-Ag binary system above the melting point, indicating

that intermixing and alloy formation would be energetically unfavorable. These

factors would tend to favor the epitaxial growth of Cr on Ag(001), with its 〈100〉

direction rotated 45◦ relative to the substrate, along with a sharp Cr-Ag interface

with little intermixing. However, there is also an opposing factor, viz., the fact

that the surface energy of Cr (= 2400 mJ/m2) is much higher than that of the Ag

substrate (= 1250 mJ/m2) [115]; according to Bauer’s criterion, [96] a flat growth

mode (surface wetting) is favored when the surface free energy of the deposited metal
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is sufficiently lower than the free energy of the substrate, under thermodynamic

equilibrium. For this reason, instead of the growth of a flat Cr overlayer, one may

have the growth of multilayer domains or islands, or even a flat layer of Cr buried

under one or more Ag layers, if the kinetic barriers can be overcome.

We have shown in Chapter 3 that the growth of monolayer of Cr on Ag(001) is

indeed possibe and have optimized the growth conditions. However, it is crucial to

have a detailed idea about the structure of Cr film at its ultrathin ( sub-monolayer) film

thickness range is as we find that its magnetic properties have intimate correlations

with its physical structure. The structure of the film depends on different growth

modes which can be achieved at various deposition conditions. The importance of

optimizing various growth parameters has already been discussed in the third chapter.

In this chapter, our focus is confined within the structural aspects of monolayer Cr

film.

4.2 Earlier studies

The results from previous experimental and theoretical studies on the deposition of Cr

on Ag(001) have resulted in an accumulation of data that is quite contradictory and

often puzzling, regarding the growth mode, the geometric structure of the films, and

their magnetic properties. At low temperatures (100 K) growth proceeds via the hit-

and-stick (random-deposition) mode, as has been shown experimentally. [91, 97] On

the other hand, very high temperatures (above 500 K), result in Cr agglomeration, as

well as Ag segregation. [89,90] The room temperature (RT) growth of sub-monolayer

Cr films on Ag(001) has been extensively studied; [87,88,91,116] it has however been

found to result in poorly ordered films, with bilayer or multilayer Cr islands exposing

a significant amount of the uncovered Ag substrate. However, it was experimentally

observed by the group of Gewinner [82,87,88,99,106,115–117] that it was possible to

grow flat monolayer of Cr on Ag(001) substrate within the non-equilibrium growth
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conditions when deposited at moderate substrate temperatures (430-450 K). Further,

they were also able to observe a weak but distinct c(2×2) superstructure spots with

very different characteristics that one usually observes on ordered c(2×2) surface

alloys. Their weak intensity, energy dependence and temperature dependence have

confirmed their origin as resulting from the surface AFM ordering of the Cr layer as

discussed in detail in Chapter 3..

Studies using inverse photoemission technique [85] supported the growth of Cr

monolayer on Ag(001) when grown at 440 K along with enhanced Cr magnetic mo-

ments, however failed to observe the c(2×2) LEED superstructural spots. Steadman

et al., [91] using in situ x-ray surface diffraction also found a growth mode at 430 K

on Ag(001) in which Cr forms a flat monolayer structure, covered however with

one monolayer of Ag. In contrast, scanning tunneling microscopy (STM) studies

on the same system [89,90] did not support the existence of flat monolayer growth,

observing instead Cr agglomeration up to a growth temperature of 440 K. The

authors of these studies concluded from their detailed STM investigations [89, 90]

that the growth of a perfectly flat monolayer film of Cr is not possible on the Ag(001)

surface. However, it is worth noting that they could not observe the c(2×2) AFM

LEED spots from these Cr monolayer surfaces. This runs contrary to claims that

the initial mode of formation of the flat monolayer is largely determined by the

in-plane AFM interactions stabilizing the Cr in a metastable monolayer configuration,

suggesting that one should expect flat Cr monolayers to occur only in the presence of

long-range in plane AFM interactions. A large part of these temperature-dependent

differences in growth mode and structure presumably arise because the mobility of

the Cr atoms is enhanced as the growth temperature is increased. The possibility

of some degree (about 20-30 %) of intermixing between Cr and Ag has also been

postulated in the literature, [91, 97] due to the far-from-equilibrium growth mode.

The experimental observation of Ag segregation on the Cr monolayer films, even at
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moderate temperatures, has also been reported, [117] supported by STM [89] and

surface x-ray diffraction [91] studies.

Regarding the magnetic properties, various authors have reported both high and

low moments on the Cr atoms, and either ferromagnetic or antiferromagnetic ordering.

Some of this confusion may arise from the variety of growth modes that have been

observed, since the geometric and magnetic structures are intimately connected. In

accordance with the theoretical prediction of Freeman and Fu [73–75], angle resolved

photoemission measurements by Klebanoff et al. [80] on the Cr 3d valence band

structure have concluded that a (2.4±0.3) µB magnetic moment is there at the Cr(001)

surface, much higher than bulk Cr moment 0.59 µB. Self consistent calculations of

Victora et al. [8] has also predicted enhancement of magnetic moment at the surface

of bulk Cr(001). Electron spectroscopic studies on the growth and magnetic behavior

of Cr film deposited on Ag(001) by Newstead and his coworkers [84] have shown a

rapid reduction of the magnetic moment with coverage which they confirm from Cr 3s

multiplet splitting . Similar conclusion has been drawn by Johnson et al. [81] by their

polarized neutron reflection measurements. Both observations proposed formation of

monolayer Cr domains with long range ferromagnetic order upto 0.33 ML Cr coverage

above which bilayer growth mode starts and and magnetic moment of Cr sites

decreases significantly. The observation of coherently exchange-scattered half-order

spots in LEED confirmed the existence of a c(2×2) AFM ground state for the flat

Cr monolayer grown on Ag(001) at moderate substrate temperatures (430-450 K), as

reported by the group of Gewinner marking a significant step in the exploration of 2D

AFM systems. However in spite of rigorous studies using different surface sensitive

techniques, they were not able to come to a conclusion on the exact structure of the

Cr monolayer on Ag(001). Moreover, the inability of other groups in reproducing the

c(2×2) AFM LEED spots also raised some doubt about the validity of these results as

well as the geometric and magnetic structure of Cr/Ag(001). Considerable interests

have been shown by researchers in the properties of transition metal overlayers
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supported by oriented noble metal substrates. Calculations of Fu et al. [13] has also

predicted a magnetic moment of 3.7 µB for a ferromagnetically ordered Cr monolayer

on Au(001). It is only slightly reduced to 3.1 µB when covered by a further Au

layer in a Au/Cr/Au sandwich. However Hanf et al. [82] has shown that diffusion

occurs into the substrate during the initial growth of Cr on Au(001) and forms a

Au-Cr alloy up to more than 4 ML thick. Thus, the theoretical predications can not

be experimentally verified in case of Cr/Au(001) system. A detailed experimental

evidence regarding the structure of monolayer Cr film on Ag(001) can be found in the

report by Steadman et al. [91] who have grown monolayer Cr on Ag(001) at various

temperatures within a vast temperature range from 100 K to 473 K. At very low

temperature (100 K), a poorly ordred layer-by-layer growth with sufficient surface

rougheness was observed due to lower surface mobility. Multilayer island like growth

mode was expected from their in situ surface x-ray diffraction experiments where

the second layer formation starts before completion of the first layer, while deposited

at RT. Situation improves at higher temperature deposition where growth of a flat

Cr monolayer with better crystalline quality was observed. From the best data fit,

for the case of 430 K deposited Cr monolayer, the film was expected to be covered

by Ag layer on the top with a 22±13% exchange of Cr and Ag sites. The separation

of the Cr layer from the substrate was estimated to be increased by 0.11±0.12 Åand

that between the Cr and the outer Ag layer by 0.31±0.10 Å [91].

Given the variations in the experimental observations made in earlier studies,

and the discrepancies in some cases between experiment and theory, we feel it is

worthwhile to re-examine the flat monolayer growth of Cr on Ag(001). In this chapter,

we present our results from a combined experimental and theoretical study of the

growth and structural aspects of ultrathin Cr films on a Ag(001) substrate at 428 K.

Our combined LEED and photoemission experiments confirm the presence of AFM

order at the surface, and probe the Cr coverage dependence of magnetic long-rage

ordering in the system. In agreement with our experimental results, our ab initio
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density functional theory (DFT) studies show that the stable surface structure of the

system consists of the Cr layer being buried one layer deep, i.e., under one atomic

layer of Ag. They also confirm that the magnetic ground state of the system is a

c(2×2) AFM configuration.

4.3 Cr Coverage dependence: LEED studies

As shown in chapter 3, we have grown 1 ML Cr film on Ag(001) at different

temperatures and from the average intensity of the c(2×2) half-order spots we

confirmed that 428 K is the best temperature for growth of a flat monolayer film.

We also standardized all other auxiliary parameters (direct deposition of desired

thickness, rate of Cr evaporation, smoothness of the substrate etc.) essential for

growth of flat film. We performed rigorous studies on the coverage dependence of

LEED half-order (1/2, 1/2) spot intensity where each coverage is deposited with all

the previously estimated parameters. In figure 4.1, LEED pattern for different Cr

coverages on Ag(001) is presented at electron beam energy 23 eV. Each coverage

is deposited keeping the substrate at 428 K; and the sample is immediately cooled

down to RT after deposition is over. For very small coverage of 0.2 ML [figure 4.1

(a)], it is expected that tiny monolayer Cr domains will form on Ag surface. This

limited domain size restricts the antiferromagnetic ordering range and hebce exchange

interaction strength. No half orders are visible in this case; may be intensity of the

(1/2, 1/2) spots is so weak that they are suppressed by the intense background of

the integer order spots and beyond the scope of visibility with our laboratory LEED

instrument. However, in case of 0.5 ML coverage, broad and weak intensity half-order

spots are observable in LEED [figure 4.1 (b)]. Half orders become distinctly visible

for a film coverage of 1 ML [figure 4.1 (c)]. Surprisingly, maximum intensity of the

half-order spots is observed for an 1.2 ML Cr coverage [figure 4.1 (d)]; and not for an

1 ML coverage. Repeated experiments have driven us to reach the same conclusion.
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Figure 4.1: LEED pattern at beam energy 23 eV for different Cr coverages on Ag(001):
(a) 0.2 ML, no c(2x2) reconstruction visible (b) 0.5 ML, faint and broad half orders (c) 1
ML, (1/2, 1/2) spots are distinctly visible (d) 1.2 ML, maximum intensity of the half-order
spots (e) 1.5 ML, half orders visible with lower intensity (f) 2 ML, half orders almost
invisible. (g) Line profile scan over LEED half-order spots for different Cr coverage. All the
line profiles are drawn along the same direction as shown in the rectangular box enclosing
the (1/2, 1/2) spots in figure (d).

At thickness more than 1.2 ML decrement in half-order intensity as can be seen for

the case of an 1.5 ML Cr coverage [figure 4.1 (e)]. Close to 2 ML film coverage,

where the monolayer Cr is almost completely covered up by another Cr overlayer,

half-order intensity diminishes to zero [figure 4.1 (f)].

In figure 4.1 (g), line profile scan drawn over c(2×2) half-order spots are shown

for three diffrent Cr coverages of 0.5, 1.2 and 1.5 ML. The line profiles are drawn

over the (1/2, 1/2) and (1/2, -1/2) spots as shown in figure 4.1 (d) enclosed by white

dotted rectangle. The broadness of the half-order spots in case of 0.5 ML coverage

is clear from the full width at half maxima (FWHM) is twice than that of 1.2 ML

coverage) of the line profiles, whereas the weakness of the spot intensity is evident

from the low peak values. On the other hand, in case of 1.2 ML Cr film, the spots
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Figure 4.2: c(2×2) half-order spot intensity variation with Cr coverage. Beam energy 23
eV.

are sharp having lower FWHM values. Intensity of the half orders decreases to half

of the maximum value when 1.5 ML Cr is deposited on Ag(001).

Figure 4.2 gives an overview of the half-order intensity distribution upon Cr

coverage. The average intensity of the four-fold c(2×2) (1/2, 1/2) spots has been

plotted as a function of Cr coverage over 0.2 to 2.4 ML. A fitting of the data plot

shows an overall gaussian distribution where the maximum intensity of the half

orders is visible at 1.2 ML. Each intensity value (i.e. data point) is normalized by

the electron emission current of the LEED instrument where electron beam energy is

23 eV for each case. The average half-order intensity in case of 0.2 ML coverage is

just pixel intensity at the position of half-order spots; as mentioned earlier they are

hardly visible with naked eye for this tiny amount of deposition in the very early

stage. Visible half-order intensity appears from more than 0.5 ML which increases

with film coverage with maximum intensity occur at about 1.2 ML. Then half-order

intensity start falling down and vanishes above 2 ML. The c(2×2) reconstruction

in LEED is well visible within a coverage range from 0.8-1.5 ML according to our
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experiments. The intensity distribution nature is quite similar to earlier observations

by Hanf et al. [92]; where they also observed a maximum intensity of the half orders

close to 1.3 ML thickness. However they observed finite intensity of the half-order

spots at 2 ML film coverage. According to their observation intensity of the half-order

spots vanished completely close to 3 ML film coverage. Our experimental results,

however, have been cross checked through many repeated experiments to reach the

conclusion; which are supported by theoretical calculations.

4.4 Cr Coverage dependence: ARPES studies

For each Cr coverage of figure 4.2 we performed Angle Resolved PhotoEmission

Spectroscopy (ARPES) to probe the valence band structure of Cr film. We used

monochromatic He Iα (21.212 eV) and He IIα (40.81 eV) photon sources to excite the

valence electrons. But as mentioned earlier in chapter 4, with He IIα, the intensity of

the Cr 3d bands are lower due to photoemission cross section. In figure 4.3 (a), the

ARPES line profiles drawn at M position for different Cr coverage are shown (photon

source: He Iα); where each of the coverages are grown at 428 K in a single shot

deposition. For bare Ag(001), there are no sp bands at the M position within 0-2.5

eV binding energy window. Upon deposition of 0.1 and 0.2 ML Cr, a broad feature

is visible. Observing the feature at 0.2 ML coverage it appears that there are three

bands close to each other and therefore not so well resolved. The lowest feature is at

1.05 eV; the other two features are at 1.25 eV and 1.6 eV binding energy positions.

At the 0.5 ML coverage these three features appears to be shifted in biding energy

positions. The lowest binding energy feature appears at 1.09 eV position; whereas

the other two features are at 1.25 eV and 1.7 eV binding energy positions respectively.

Intensity of the second feature (at 1.25 eV) diminishes significantly with Cr coverage.

Probably, this feature is contributed by the edge Cr atoms at the domain boundaries.

For very little amount of Cr deposition of 0.1 or 0.2 ML, very tiny nanodomains are
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formed; hence number of edge Cr atoms are higher which contributes to this feature.

With formation of higher domain sizes their contribution decreases coparative to

other features. At 0.5 ML this feature almost vanishes. A coverage of 0.8 ML shows

two distinct features at 1.09 eV and 1.7 eV are well visible while the middle feature

vanishes completely. Intensity of these two bands shows maxima for Cr coverage

of 1.2 ML; beyond which band intensity decreases again and close to 2.2 ML their

intensity almost vanishes. At a coverage of 3 ML the nature of the bands shows more

like a paramagnetic behavior rather than being antiferromagnetic.

In figure 4.3 (b), intensities of the lower binding energy antiferromagnetic feature

at M position has been plotted for various Cr coverages as displayed in figure 4.3

(a). The maximum intensity of the band is is close to 1.2 ML (marked with a dotted

line). Data points above and below this thickness has been fitted with two different

exponential curves. The overall nature of the graph is quite different from the LEED

half-order intensity distribution which shows a gaussian characteristic over the 0.2 -

2.2 ML coverage range. The different correlation (coherence) lengths of these two

techniques (LEED and ARPES) are probably responsible behind different shape of

these curves.

In figure 4.3 (c), ARPES spectra at M position for similar Cr coverages probed

by He IIα are shown. The intensity dependence of the valence bands on the coverage

is displayed in corresponding figure 4.3 (d). The charecteristics of the intensity

distribution is same as shown in figure 4.3 (b) while probed by He Iα. The only

major difference in the spectal nature with He IIα is that unlike figure 4.3 (a) relative

intensity of feature at 1.7 eV is higher than the 1.09 eV feature. Figure 4.3 (d) has

been plotted counting the higher intensity feature at 1.7 eV. The relative intensity

variation of these two bands due to different probing photon energy is notable.

Observation of antiferromagnetic feature at deposition of very small coverages like

0.1 and 0.2 ML is interesting. Though these features are not well resolved and their

intensities are extremely low, dispersions of Cr 3d bands at these low coverages (not
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Figure 4.3: (a) Antiferromagnetic Cr 3d valence band at M symmetry point for different
film coverages probed by He Iα. (b) Band intensity vs. Cr coverage plot corresponding to
figure (a). (c) Cr 3d valence band at M symmetry point for different film coverages probed
by He IIα. (d) Band intensity plot vs. Cr coverage corrsponding to figure (c).
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shown here) resembles quite well with the dispersion of the antiferromagnetic bands at

1 ML Cr coverage. From this one can certainly conclude about the antiferromagnetic

nature of these bands, though no c(2×2) half-order spots are observed in LEED at

this (below 0.2ML coverage) level. In fact, we found that photoemission technique

is more capable to probe the 2D surface antiferromagnetism compared to electron

diffraction technique. Therefore, looking at the ARPES spectral data a significant

growth model of Cr monolayer on Ag(001) can be proposed. At elevated temperature

deposition, the Cr atoms do not just distribute randomly over the Ag(001) surface,

even for a very small amount of Cr deposition of 0.1 or 0.2 ML these deposited Cr

atoms nucleates to have a crystalline order and form tiny monolayer Cr nano-domains.

Each of these tiny domains possesses antiferromagnetic order of the Cr moments.

As explained earlier, due to tiny size of these domains the range antiferromagnetic

ordering gets limited and therefore electron diffraction can not produce magnetic

half-order spots strong enough to be distinguishable. But, photoemission technique

probes the antiferromagnetic nature of these monolayer Cr domain which is reflected

in the Cr 3d valence band structures. The high sensitivity in ARPES is possible due

to the weak background of the ARPES signal of Ag(001) close to EF . Therefore,

even a tiny signal shows up; even for 0.1 ML, there is sizable signal showing similar

dispersions as that of ML sample. As significant amount of Cr is deposited at elevated

temperature, monolayer Cr domains of bigger sizes are formed on Ag(001) with long

range antiferromagnetic ordering, hence magnetic c(2×2) (1/2, 1/2) spots become

visible in LEED as well as intensity of antiferromagnetic Cr 3d band feature increases

in ARPES.

Another important observation is that Cr film has maximum antiferromagnetic

strength at the coverage of about 1.2 ML and not at 1 ML; which is evident

from the maximum half-order intensity in LEED and highest intensity of Cr 3d

antiferromagnetic features observed in ARPES spectra at M position. A possible

explanation of this phenomena is the Cr-Ag intermixing at the interface which cause
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removal of Cr atoms from the top Cr overlayer. When Cr is deposited at elevated

temperature (428 K), the thermal mobility of the Cr as well as that of Ag atoms

increases. As we shall be discussing in the next section that Ag layer segregates

on top of Cr overlayer during higher temperature growth. Through this procedure,

there a possibility that 20% Cr exchanges their position with Ag sites and hence are

removed from the monolayer Cr weakening the antiferromagnetic ordering of the Cr

monolayer. Now, at elevated temperature, when we deposit 1 ML equivalent amount

of Cr on Ag(001) it actually forms approximately 0.8 ML of Cr antiferromagnetic

overlayer. Therefore at nominal 1 ML thickness we do not observe maximum intensity

for the hallf order spots. However, deposition of 1.2 ML Cr produces a complete

monolayer Cr antiferromagnetic overlayer which covers up the whole Ag(001) surface;

showing maximum antiferromagnetic strength via both LEED and photoemission

data.

4.5 Segregation of Ag on Cr monolayer

As the surface free energy of Cr is almost double than Ag, at RT Cr grows on top of

Ag(001) in the form of multilayer islands, as stated earlier. A multilayer growth mode

minimizes the effective surface area of the overlayer material and therefore the surface

free energy (which is proportional to surface area). Hence, growth of monolayer Cr

domains on Ag(001) is not possible at RT. On the other hand, the scenario is quite

different in case of elevated temperature growth. The Cr atoms acquire in-plane

mobility to spread over the Ag(001) surface and cover up the substrate surface.

Consideration of surface free energy demands existence of thermodynamic instability

in this system. To achieve energy stability, Ag segregates on top of Cr monolayer

and covers up the two-dimensional antiferromagnetic overlayer. The existence of Ag

on top of Cr monolayer is proved from our photoemission studies.

Chapter 4. Structure of AFM Cr monolayer



4.5. Segregation of Ag on Cr monolayer 111

8

6

4

2

0

In
te

n
si

ty
 (

ar
b

.u
n

it
s)

8 6 4 2 0
Binding Energy (eV)

At M position
 
 

Ag(100)

1 ML Cr at 428 K

1 ML Cr at 300 K

Tamm SS
 HeI 

Binding Energy (eV) 

7
0

6
0

5
0

8

6

4

2

0

Polar Angle (θ) 

B
in

d
in

g
 E

n
erg

y
 (eV

) 

7
0

6
0

5
0

8

6

4

2

0

Polar Angle (θ) 

B
in

d
in

g
 E

n
erg

y
 (eV

) 

In
ten

sity
 (arb

. u
n

its) 

Tamm SS Tamm SS 

SS from 

segregated Ag 

(a) (b) (c) 

M M 

He Iα 

Figure 4.4: ARPES data at M symmetry point (a) clean Ag(001). (b) 1 ML Cr deposited
on Ag(001) at 428 K. Photon energy: 21.2 eV (He Iα)(c) ARPES line profile spectra drawn
at M position for 1 ML Cr deposited on Ag(001) at 300 K (RT) and 428 K. Data are
displayed for a broader binding energy range 0-8 eV. Intensity variation of Ag Tamm surface
state upon deposition of monolayer Cr is shown.

Figure 4.4 (a) shows the ARPES data of clean Ag(001) surface at M symmetry

point (binding energy vs. polar angle plot). Whereas figure 4.4 (b) shows the ARPES

data after monolayer Cr has been deposited on Ag(001) at 428 K. In figure 4.4 (c),

the ARPES line profile drawn at M position is shown within a wide binding energy

range of 0-8 eV, for the case of bare Ag(001), 1 ML Cr deposited at RT (300 K) and

1 ML Cr deposited at 428 K, respectively. For clean Ag(001) surface, a high intensity

band is visible at 3.9 eV binding energy position, called the Tamm surface state [118].

The top Ag layer on the Ag(001) substrate has a different (reduced) symmetry and

a reduced potential than its bulk counterpart. The symmetry decoupling of the

dxy orbitals in neighbouring planes is broken by spin-orbit interaction at the M

point of the surface Brillouin zone on Ag(001). The dxy orbitals are completely

nearest-neighbor antibonding within a layer and completely non-bonding to similar

orbitals in nearest neighbor layers. The 4d states of Ag top layer are hence pushed
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out of the bulk continua at the maximum of bulk d bands. The excess s, p electron

density at the surface is also responsible behind this phenomena. Therefore, high

intensity of Tamm surface state also implies a clean Ag surface and deposition of an

overlayer material results in decrement of surface state intensity. Thus, on deposition

of 1 ML Cr, both at RT (300 K) and 428 K, intensity of the Tamm surface state

decreases significantly. Decrease of the intensity of bulk Ag 4d bands is also notable.

After deposition of 1 ML Cr on Ag(001) at 428 K, two extra features are observed

at 6.3 eV and 4.2 eV binding energy positions in comparison to RT depositions as

observed in figure 4.4 (c). The 6.3 eV feature which is not there in clean Ag(001)

surface is contributed by the topmost Ag monolayer. This peak confirms that Ag

segreates on top of monolayer Cr grown at 428 K. The 4.2 eV feature has the similar

dispersion like Tamm surface state on clean Ag(001) and they are also contributed by

the top segregated Ag layer over Cr monolayer. The dispersion of the surface state

from top Ag layer implies that the top layer is ordered and it has p(1×1) symmetry.

Similar features observed by Krembel and his group [117] leading to the conclusion

of Ag segregation over antiferromagnetic monolayer Cr. The p(1× 1) order of Ag

overlayer may also be predicted from our LEED observation. Low energy electrons

are extremely sensitive to the surface. If there occurs a random segregation where

Ag atoms are scattered over the Cr film without having any crystalline phase then

a significant decrement in the intensity of integer order (1,0) spots should be there

which contradicts our observation.

The thickness of segregated Ag is another important topic to be investigated.

Whether 1 ML or multilayer Ag will come on top of Cr monolayer to energetically

stabilize the system is a matter of further study. Our DFT calculations successfully

demonstrates that segregation of a 1 ML Ag on top of Cr monolayer is the most stable

configuration. The magnitude of Cr moments and their long range antiferromagnetic

ordering which favors the energy stability over ferromagnetic spin arrangement has

also been calculated.
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4.6 Theoretical calculations

Spin polarized density functional theory (DFT) calculations implemented in quantum

EXPRESSO code [119] has been performed by our collaborating group of Prof.

Shobhana Narasimhan at Jawaharlal Nehru Centre for Advanced Scientific Research

(JNCASR), Bangalore. A brief overview of these calculations are mentioned here

for completion sake while the full details of the calculations can be obtained from

elsewhere [111, 120]. A plane-wave basis set was used to expand the electronic

wavefunctions in these calculations. The kinetic energy cutoffs for the wavefunctions

were set to 40 Ry, while the cutoffs for the related charge densities were set to 400

Ry. Ultrasoft pseudopotentials [121] were used to describe the interactions between

the valence electrons and ionic cores. A generalized gradient approximation with

the Perdew-Burke-Ernzerhof form was used to approximate the exchange-correlation

functional [122].

A 15 atomic layer thick slab was used to model Ag substrate. Four different

atomic configurations were considered for the deposited Cr on Ag(001). Cr monolayer

was considered at the top and bottom both surface of Ag(001) such that it became a

17 atomic layer thick slab. The first configuration was (i) Cr/Ag(001), where a single

flat monolayer of Cr was considered on either side of the Ag(001) substrate. The other

configurations used were: (ii) 1Ag/Cr/Ag(001), where the Cr monolayer is buried

under one atomic layer of Ag, (iii) 2Ag/Cr/Ag(001), where the Cr monolayer is buried

under two atomic layers of Ag, and (iv) 3Ag/Cr/Ag(001), where the Cr monolayer is

buried under three atomic layers of Ag. The stacking, in all cases, were considered

to be ABAB... stacking characteristic of face centered cubic structure along <001>

direction. The atomic layers, except the middle three layers of the slab, were allowed

to relax, so as to obtain a relaxed geometry. The Broyden-Fletcher-Goldfarb-Shanno

(BFGS) algorithm was used to move atomic coordinates until the forces on the relaxed

atoms were less than 0.001 Ry/bohr along each Cartesian direction. Brillouin zone
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Table 4.1: Results from DFT calculations for the energetics of various ferrromagnetic (FM)
and antiferromagnetic (AFM) configurations of Cr on Ag(001) systems studied here. ∆E
denotes the energy of a given configuration with respect to the lowest energy configuration,
i.e., the AFM configuration of 1Ag/Cr/Ag(001). mCr is the magnetic moment per Cr atom
in the given system.

sums were carried out using Monkhorst-Pack meshes [123] that were approximately

commensurate with a 17× 17× 1 sampling for the (1× 1) surface unit cell, along

with Marzari-Vanderbilt [124] smearing with a width of 0.001 Ry.

Thermodynamically most stable physical configuration was found out through

DFT calculations though in real experiment the kinetic barrier may prevent the

system to achieve the ground state structure. Aim of the calculation was to find

out that whether a bare Cr overlayer or Cr layer buried under 1 ML of Ag is

energetically the most stable structure. If buried structure is more stable then under

how many Ag layer the AFM Cr layer becomes stable. For the magnetic structure,

two collinear magnetic configurations: the p(1×1) ferromagnetic (FM) one and a

c(2×2) antiferromagnetic (AFM) one has been considered. Table 4.1 shows the

results of their calculations for the energetics for each magnetic phase in the eight

configurations considered.

According to their calculations, AFM 1Ag/Cr/Ag(001) was found to be the most

stable configuration. However, AFM 2Ag/Cr/Ag(001) is almost degenerate with

this, lying only 18 meV/Cr atom higher in energy. Therefore it is quite evident that

Cr monolayer is buried under monolayer Ag and the low energy electrons probe

Chapter 4. Structure of AFM Cr monolayer



4.6. Theoretical calculations 115

the AFM order of Cr monolayer, showing existence of the c(2×2) half-order spots,

buried underneath 1 ML Ag. This results also support our experimental observations

mentioned in section 2.5 as well as the in-situ surface x-ray diffraction results of

Steadman et al. [91] that Cr monolayer is covered with 1 ML of Ag. Probably that

is why the intensity of the half-order spots are originating from the underlying Cr

layers only 1-2% of the integer spots in our experiments, lower than the theoretical

prediction of 2-4% by Blügel et al. [35]. If 2 ML Ag segregates on top of the AFM

Cr layer, then the intensity of the half-order spots would have reduced so much that

they would become almost invisible. All these considerations suggest that Cr layer is

covered by 1 ML Ag only, a condition which is satisfied by theoretical calculations

and our experimental results.

The calculated magnetic moment associated with each Cr site in table 2.1 shows

that the magnetic moment in case of AFM structure of bare Cr monolayer on Ag(001)

is 4.46 µB. This magnitude reduces to a 4.36 µB when the Cr layer is covered by a

Ag monolayer on top. Vicinity of a non magnetic metallic overlayer decreases the

Cr magnetic moment which is expected. But, this reduction is not of a significant

amount, this is due to the fact that electronic hybridization of Ag 4d with Cr 3d

is negligibly small. A detailed discussion on the magnetic structure of Cr layer is

beyond the scope of this chapter and will be a topic of next chapter.

In figure 4.5 (a) and 4.5 (b), we show presents the top and side view respectively

of 1 ML Ag segregated on Cr antiferromagnetic monolayer supported by Ag(001);

hence a 1 Ag/1 Cr/Ag(001) structure. In this model structure, the top few layers are

relaxed and their inter-planner distance differs compared to bulk. In figure 4.5 (c),

inter-planner relaxation is displayed, where ∆ij ≡ [(dij − db)/db] × 100; where dij is

the interlayer spacing between i-th and j-th layer, and db is the bulk interlayer spacing.

The magnetic moments of Cr atoms are enhanced in their reduced dimension and

magnitude of the moments do not go down significantly even when Cr layer is buried

under Ag layers. The spin resolved projected density of states (PDOS) are plotted in
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Figure 4.5: Geometry of the energetically most favored structure AFM 1Ag/Cr/Ag(001).
(a) top view, (b) side view of the system. light gray and dark gray (green online) spheres
represent the Ag and Cr atoms, respectively. The red arrows indicate the directions of
spins. Note that in the absence of spin-orbit interactions, in-plane and out-of-plane spin
directions are equivalent. (c) shows ∆ij , the percentage change in interlayer separations,
for the first few surface layers. See the text for the definition of ∆ij and figure (b) for the
convention used in numbering layers.
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Figure 4.6: Theoretically calculated results for the spin-polarized projected densities of
states (PDOS) of 1Ag/Cr/Ag(001) in the AFM configuration. The dashed line, solid line
and the filled curve indicate the PDOS from first layer Ag 4d states, second layer Cr 3d
states and third layer Ag 4d states, respectively.

figure 4.6 for Cr 3d states, Ag 4d states of the top segregated Ag monolayer as well

as the third Ag layer in immediate vicinity at the bottom of Cr layer.

Reduced atomic coordination of the Ag atoms in the first layer results in the

reduction of the Ag 4d bandwidth as apparent in figure 4.6. Note also the clear

spin-polarization of the Cr atoms. On performing a calculation for an isolated

monolayer of Cr atoms, maintained at the same in-plane lattice constant, in the

c(2× 2) AFM configuration, we obtain a magnetic moment per Cr atom of 4.45 µB.

Thus, we see that when Cr is present as an overlayer on the Ag(001) substrate, the

magnetic moment on Cr atoms is essentially unchanged, and it is only very slightly

reduced when the Cr layer is buried. For Cr/Ag(001) our value of mAFM
Cr = 4.46

µB is larger than a previously reported value of ∼ 3.8 µB; we believe that the main

reason for this discrepancy is that the interlayer spacings were not optimized in this

very early previous calculation.
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4.7 Conclusion

We have revisited the question of the growth of a Cr monolayer on an Ag(001)

substrate, and have provided both experimental and theoretical confirmation that

the thermodynamically most stable structure of this system consists of an antifer-

romagnetically ordered flat Cr monolayer film buried under a layer of Ag atoms.

Experimentally, we have found that at an optimum growth temperature of 428 K,

the signature of the AFM ordering is clearly observed in the LEED images as a weak

c(2×2) superstructure, which is only observed at low energies (below 60 eV), and

found to vanish above a transition temperature of ∼ 450 K. Further proof of the

AFM ordering in the Cr monolayer is the observation of Cr 3d bands with c(2×2)

symmetry in the ARPES spectra of the system. The intensity of these Cr 3d bands

closely follows the half-order spot LEED intensity as a function of the Cr coverage,

with a maximum at a Cr coverage of 1.2 ML, suggesting a small intermixing of Cr

and Ag atoms in the topmost layer.

Our LEED and ARPES data suggest that the c(2×2) AFM domains are formed

from the very early stages of growth of Cr on Ag(001), at 428 K. This suggests that

the Ag/Cr/Ag(001) sandwich structure is present from the initial stages of growth, in

agreement with the observation of Ag steps in STM studies [89,90]. According to the

reports of Hanf et al. [94], at very low coverages (lower than 0.3 monolayer) the Cr

atoms are in some way incorporated in the subsurface plane possibly by preferential

interaction with step edges or other defects, and covered by a pure Ag monolayer.

From 0.3 to 0.7 monolayer, most of the Cr atoms are still incorporated in the inverted

structure. By 0.7 monolayer the defected regions become less reactive and the Cr

adatom density on the defect-free terraces becomes large enough to nucleate 2D

islands, therefore half-order itensities in LEED becomes gradually prominant. For 1

to 1.3 monolayer, the system consists of an inhomogeneous surface with coexisting

patches of p(1×1) Ag and c(2×2) Cr monolayer platelets. But our experimental and
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theoretical studies supports formation of c(2×2) Cr domains covered by p(1×1) Ag

monolayer from the earliest stage of growth at high temperature. Further detailed

microscopic studies are necessary to obtain a better understanding of these issues.
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Electronic structure and magnetism of
monolayer Cr film

5.1 Introduction

Ultrathin metallic films, mostly monolayers of 3d transition metals, generated a great

deal of interest in their structural, electronic and magnetic properties which are

radically different from their bulk counterparts. Theory predicts strong enhancement

in magnetic moment ordered in 2D even for weakly magnetic or non-magnetic

metals like Cr and V [73,74]. For a Cr monolayer on Au(100) or Pd(100), a c(2×2)

antiferromagnetic structure with a large local moment ( 3.5 µB) is found to be the

most stable configuration [77, 78] using DFT calculations. These predictions are

consistent with the general tendency of the metals in the middle of the transition-

metal series toward antiferromagnetism or structures based on a twofold superlattice.

From an experimental point of view, the characterization and preparation of flat

ordered monolayers of 3d metals with a sufficient degree of perfection is reportedly

a difficult task and is only possible upon taking care of many important growth

parameters as well as proper choice of the substrate which is already discussed in

chapter 3.
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Electronic isolation between the Cr monolayer and the Ag(001) substrate leads

to huge enhancement of the Cr magnetic moments, and the intra-layer interaction

between results in 2D antiferromagnetic arrangement. The enhancement of mag-

netic moments at the Cr(001) single crystal surface has already been proven by

photoemission spectroscopic studies [125] as well as theoretical calculations [126].

Lack of electronic overlap between overlayer Cr and substrate Ag also results in

narrowing of the antiferromagnetic 3d bands in Cr monolayer (as shown in Chapter

2). For a free standing Cr monolayer, an even higher enhancement of the Cr magnetic

moment, effectively a value close to 3.8 µB has been calculated [73]. When adsorbed

on Au(001), the magnetic moment of each Cr atom in a monolayer is reduced (to

about 3.7 µB); though the reduction is significantly small as the energy difference

between the Cr and Au d states is close to 5 eV and hence their coupling is small [74].

Experimental studies by different groups have shown a sufficient (4 ML at 480 K)

surface alloying between Cr and Au with an enhancement of Cr moment to a magni-

tude of 4 µB [97,102,103]. On the other hand, Ag(001) was established to be a good

candidate for growth of monolayer Cr film due to good lattice matching, electronic

isolation and having a large miscibility gap above their melting point.

Photoemission study on ultrathin Cr film within the sub-monolayer coverage range

as deposited over Ag(001) was first performed by Newstead et al. [84]. They observed

Cr 3s multiplet splitting which decreases rapidly with film coverage indicating sharp

reduction in the magnetic moment which is also supported by the neutron diffraction

experiments of Johnson et al. [81]. Photoemission investigation on the initial growth

mode of Cr on Ag(001) at RT was first investigated by Krembel et al. [115]. They

reported that at RT growth Cr agglomeration occurs even at coverage as low as 0.5

ML. The Tamm surface state atM symmetry point, intensity of which is proportional

to the bare Ag(001) surface area, shows that about 2.5 ML Cr must be deposited in

order to quench completely the Ag surface state. Their valence band data clearly

indicates that epitaxial growth of Cr certainly takes place at RT but in the form of
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island, though there is a sufficient degree of disorder. Later, ARPES experiments

performed by the same group demonstrated that deposition of Cr on a mildly heated

(440 K) Ag(001) crystal helps in formation of ordered Cr monolayer with a good degree

of perfection. For the ordered flat monolayer, the characteristic two-dimensional

dispersion of the Cr 3d energy bands and their symmetry at Γ was determined

by them [87]. The substrate temperature during deposition is critical since lower

(300 K) or higher (500 K) temperatures result in an inhomogeneous rough Cr layer

formation. They have also performed ARPES and XPS to reveal the electronic and

crystallographic structure of Cr monolayer on Ag(001) [95]. Even after deposition of 3

ML Ag upon a monolayer of Cr on Ag(001), the ARPES spectra show the persistence

of Cr 3d reduced features characteristic of the 2D Cr monolayer, according to their

report. Photoemission and LEED investigation by the same group [94] established

the existence of c(2×2) half-order spots in LEED at low electron energies in case of

a flat monolayer Cr film whereas antiferromagnetic valence band features are visible

close to the Fermi level via ARPES studies.

In this chapter, the valence band electronic structure of monolayer Cr film has

been discussed under deposition at RT and 428 K. The valence electronic structure

is probed by monochromatic He Iα (21.2 eV) and He IIα (40.8 eV) respectively using

ARPES. The valence band structure in both cases has been discussed in correlation

with the observation of c(2×2) half-order spots in LEED and the multilayer and

monolayer growth mode under different deposition conditions. Different bands have

been identified and the existence of antiferromagnetic band structure has been

confirmed in case of flat Cr monolayer in comparison with ab-initio DFT calculations.

Coverage dependence of Cr layer while deposited at elevated temperature has also been

in context with the evolution of antiferromagnetic valence band. From the dispersion

of antiferromagnetic Cr 3d bands, the c(2×2) symmetry of the magnetic lattice has

been confirmed. The core level electronic structure was probed by monochromatic

Al Kα (1486.6 eV) photon source. The shift of Cr 2p1/2 peak in the submonolayer
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thickness range grown under different deposition temperatures indicates to different

growth modes (monolayer or multilayer formation).

The flat free-standing Cr monolayer on top Ag(001), with their antiferromagneti-

cally ordered enhanced magnetic moments, is an example of a purely two-dimensional

Ising antiferromagnet. The magnetic behavior of this system has also been discussed

in this chapter in a separate section.

5.2 Valence band: ARPES studies

5.2.1 Surface brillouin zone and symmetry directions

Before I present the ARPES data where the band dispersions are presented along

different symmetry directions, let us have a general brief discussion over the bulk and

surface brillouin zone (BZ) and different symmetry directions in fcc and bcc lattice,

because the Ag(001) substrate used in our experiment is a fcc system, whereas Cr

has a bcc lattice. In figure 5.1 (a), schematic of the well known fcc lattice has been

shown where each face of the cube contains effectively two atoms. The reciprocal

lattice of fcc is a bcc lattice. Now if one considers a Wigner-Seitz cell [127] in a bcc

structure, it takes the form of a truncated octahedron as shown in figure 5.1 (b)

which is the bulk brillouin zone (BBZ) of a fcc lattice. The center of BBZ is the most

symmetric point known as Γ. Along the <100> crystallographic directions, there

are four square faces the center of which is the X point. The lines joining Γ and X

point are known as ∆ directions. In the BBZ, any two adjacent hexagonal faces are

attached by a common line, the middle point of which is known as K point. The

directions from Γ to K are known as Σ direction. Projection of BBZ along the [001]

direction produces the square which is the surface brillouin zone (SBZ). The SBZ has

symmetry points; Γ, the center of the surface which is the projection of Γ-X direction

along [001] direction. Other symmetry points are M (along ∆) and X (along Σ)

which are the corners and middle points of the SBZ square sides, respectively.
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Figure 5.1: (a) Schematic diagram of an face centered cubic (fcc) lattice. (b) fcc bulk
brillouin zone (BBZ) and its projection to <001> direction showing the surface brillouin
zone (SBZ) is depicted. (c) p(1×1) LEED pattern of Ag(001) surface showing the first
integer order (1,0) spots; the Wigner-Seitz (WS) cell drawn in the reciprocal space, which
is actually the surface brillouin zone is indicated in red square. The Γ, M and X high
symmetry points are shown. (d) Schematic diagram of an body centered cubic (bcc) lattice.
(e) Bulk brillouin zone of bcc lattice and its surface projection along [001] direction. (f)
Surface brillouin zone and symmetry directions of bcc and fcc lattice.
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Any diffraction pattern (x-ray, electron etc.) is a representation of the reciprocal

lattice. Therefore LEED pattern can be considered as a two dimensional representa-

tion of the surface reciprocal lattice. A Wigner-Seitz cell drawn in this reciprocal

lattice represents the surface brillouin zone (SBZ). In figure 5.1 (c) the four-fold

LEED pattern with (1,0) pots of Ag(001) is shown for beam energy 40 eV. The SBZ

is indicated with red square. The symmetry points Γ, M and X are denoted on the

LEED image.

Similarly, the body centered cubic (bcc) bulk brillouin zone which is a dodeca-

hedron is shown in figure 5.1 (e). The surface projection along [001] direction (i.e.

bcc SBZ) and the high symmetry points are indicated. There is a major difference

between the symmetry directions of Ag and Cr [see figure 5.1 (f)]. In case of bcc Cr,

the Γ to X direction is denoted as ∆ which is the [100] crystallographic direction. In

contradiction, for the case of fcc Ag, the Γ to X direction is denoted as Σ which is the

[110] crystallographic direction. These two crystallographic directions are 450 rotated

to each other. Interestingly, as described in chapter 3, lattice parameter of Ag is
√
2

times the lattice parameter of Cr and hence Cr grows on top of Ag(001) epitaxially

with the [100] direction 450 rotated with respect to each other. Hence the ∆ direction

of Cr and the Σ direction of Ag aligns towards the same direction and therefore

SBZ brillouin zone matches exactly. The SBZs for these two different systems are

shown in figure 5.1 (f) for better understanding of the phenomena. ARPES with

monochromatic ultraviolet photon is performed to probe the valence band electronic

structure along these symmetry directions of SBZ.

5.2.2 Valence band of flat Cr monolayer

In the previous chapters, we have already shown the existence of (1/2, 1/2) spots

in LEED at c(2×2) symmetry positions for a flat monolayer Cr film grown at 428

K. Their appearance at very low beam energy with significantly weak intensity and
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Figure 5.2: Comparison of LEED at beam energy 23 eV: (a) clean Ag(001) (b) 1 ML
Cr grown on Ag(001) at 428 K; antiferromagnetic (1/2, 1/2) spots visible. ARPES data
probing the valence bands along Γ-M (c) Bare Ag(001) (d) 1 ML Cr/Ag(001). (e) Second
derivative of figure (c). (f) Second derivative of figure (d). ARPES data probing the valence
bands along Γ-X (g) Bare Ag(001) (h) 1 ML Cr/Ag(001). (i) Second derivative of figure
(g). (j) Second derivative of figure (h). Photon source monochromatic He Iα (21.2 eV).
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their temperature dependence confirm their antiferromagnetic origin as a result of

exchange scattering between unpolarized electrons and the antiferromagnetically

arranged Cr moments. But ARPES studies using ultraviolet photons which probes

the Cr 3d valence bands for Cr film at submonolayer coverage range, confirms the

antiferromagnetic nature of the film unanimously. In fact, there is a strong correlation

between the intensity of ‘half-order’ spots and the antiferromagnetic Cr 3d valence

band intensity which is already illustrated in chapter 4, but the dispersion of these

bands over different k|| positions were not discussed. In this chapter, different Cr

3d antiferromagnetic bands along different symmetry directions have been shown in

their ‘binding energy (EB) vs. momentum (k||)’ plot. In figure 5.2 (a) and (b), the

LEED patterns of bare Ag(001) has been compared to the 1 ML Cr film deposited

on it for beam energy 23 eV. In case of 1 ML Cr film, the LEED shows four-fold (1/2,

1/2) spots whereas these spots are not there in bare Ag(001). In figure 5.2 (c) and

(d), the valence band electronic structures of bare Ag(001) and 1 ML Cr/Ag(001)

has been shown respectively within binding energy range 0 - 2.4 eV for symmetry

direction Γ-M where monochromatic He Iα (~ω = 21.2 eV) is used as probing photon

source. The 2D second derivative of the data has been plotted in figure 5.2 (e) and (f)

respectively. Figure 5.2 (e) shows that there exists no other bands within the binding

energy window 0 - 2.4 eV except for the Ag sp band. The Ag 4d bands appear within

4-7 eV binding energy, existence of no Ag bands within 0-2.4 eV binding energy

results in no hybridization between Cr and Ag bands. On the other hand, figure 5.2

(d) and (f) shows that there exists three different Cr 3d bands (marked by arrows) in

case of monolayer Cr film deposited on Ag(001) at 428 K. The most intense band

visible at Γ (normal emission; k|| = 0) is located at 1.05 eV. The second band at 1.4

eV binding energy has weak intensity at Γ. The third band, furthest from Fermi

level (EF ), is only visible close to the M position. Figure 5.2 (g) shows the Ag sp

bands along Γ-X direction for the bare Ag(001). After deposition of 1 ML Cr, the

3d bands are visible in figure 5.2 (h). The second derivative of the ARPES data in
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Figure 5.3: (a) Line profile drawn over the ARPES data at different emission angles; at
00 (Γ), 570 (M) and 350. (b) Line profile drawn over the ARPES data at different emission
angles; at 00 (Γ) and 300 (X). Photon source monochromatic He Iα (21.2 eV).

figures 5.2 (g) and (h) are presented in figure 5.2 (i) and (j). Upon taking second

derivative, the Cr 3d bands of figure 5.2 (h) becomes distinct in figure 5.2 (j). At

Γ position, the most intense band is at 1.05 eV similar to figure 5.2 (f); the other

bands at 1.4 eV is relatively weaker in intensity. On the other hand, the shape of the

Cr bands at X appears to be modified by the presence of Ag sp bands. The band at

0.8 eV binding energy position has higher intensity at M , another band at 1.2 eV

has significant intensity at both sides close to M but appears to be discontinuous

right at M . Two extra dispersive features which appears only at M and vanishes

very quickly at both sides have their band edges at 1.7 eV and 2 eV respectively. All

the Cr 3d antiferromagnetic bands have low dispersion and their bandwidth is <1

eV according to our experimental data.

In figure 5.3 (a) and (b), APRES line profiles are shown, which are drawn over

figure 5.2 (d) and (h), respectively. Figure 5.3 (a) demonstrates three spectra drawn
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Figure 5.4: ARPES data probing the valence bands along Γ-M (a) Bare Ag(001) (b) 1
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at Γ (normal emission, polar angle 00), M (polar angle 570) and somewhere in the

middle of these two symmetry points (polar angle 350). At normal emission, two

features close in their binding energy positions are observed. The feature at 1.05

eV (denoted as ‘a’) is of higher intensity whereas the second feature (denoted as

‘b’) at 1.3 eV has lower intensity. As mentioned earlier, there exist totally three

antiferromagnetic features in the band structure which is clear from the line spectra

drawn at 350 emission angle. We observe three features in the line spectra at 35

degree, at 0.9 eV (‘a’), 1.3 eV (‘b’) and 1.7 eV (‘c’) respectively. Intensities of both

of the features ‘b’ and ‘c’ are much lower compared to ‘a’. The feature ‘c’ becomes

prominent at emission angle 570 (M point). Dispersive nature of the Cr 3d bands

becomes also clear from these line profiles. Similarly, ARPES line profile drawn in

figure 5.3 (b) shows two closely lying features at normal emission. However, line

profile at X shows presence of four different features. The high intensity feature ‘a’

exists close to 0.8 eV, the second feature at 1.15 eV has higher intensity at both

sides close to X but it is discontinuous just at X point and therefore have very low

visible intensity. Two other feature at higher binding energies exist which have band

edges at 1.63 eV (c∗) and 2 eV (d∗), respectively. These are highly dispersive features

exists just at X position and their intensities fades away sharply at both sides. The

dispersive nature of these bands are different from the general dispersion behavior of

antiferromagnetic Cr 3d bands. However, they are undoubtedly Cr 3d bands, though

their dispersive behavior at X appears to be significantly modified by the presence

of Ag sp bands there. Interestingly, our theoretical calculations in collaboration

with Prof. Shobhana Narasimhan, JNCASR, Bangalore could reproduce these highly

dispersive features which will be discussed later in this chapter.

The antiferromagnetic 3d valence band structure of Cr monolayer probed by a

different photon source (monochromatic He IIα, ~ω = 40.8 eV) reveals more interesting

information about them. The Cr 3d antiferromagnetic bands are visible along Γ-M

in figure 5.4 (b), which shows there exist three bands [clear from the second derivative
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of the data in figure 5.4 (d)]. Intensity of the bands at Γ is significantly low compared

to M position. The two bands at lower binding energy positions merge together at

M position, which was not visible while probed with He Iα. The third band at 1.7

eV is visible only near M position and its dispersion is affected by the presence of

the Ag sp bands. On the other hand, Cr 3d valence bands are of quite weak intensity

and barely visible along Γ-X direction. Therefore, the highly dispersive features at

X which are visible with He Iα [see figure 3.2 (h)], can not be distinguished in figure

5.4 (f). In fact, the overall band intensity is weaker when He IIα is used as probing

photon source rather than He Iα, due to the lower photoemission cross section of Cr

3d bands at higher photon energy.

5.2.2.1 Evidence of 2D antiferromagnetism

The experimental band structure of the overlayer shows that there is an excellent

agreement between the data for different photon energies (He Iα and He IIα) which

testifies the two-dimensional character of these bands. As can be seen in figure 5.2,

three clearly resolved bands are visible along the ∆(Γ-X) and Σ(Γ-M) symmetry

lines of monolayer Cr on Ag(001). For symmetry reasons [128], only Γ5 and Γ1

initials states can be observed at normal emission. Our experimental data show

that the Γ5 state is located at 1.05 eV binding energy position, whereas the Γ1 state

lies at 1.4 eV. The Γ5 is dxz, dyz derived band. On the other hand, the Γ1 state is

d3z2−r2 derived band. The third feature that lies at shallow level being at 1.7 eV

binding energy position have weak intensity in the ARPES data at Γ position. It is

detectable only at M position as can be seen in figure 5.2 (f) and 5.4 (d). This state

is either Γ3 (dx2−y2) or Γ4 (dxy) state which is forbidden at normal emission. This is

in accordance with the theory if the Cr layer has four-fold symmetry [128].

Figure 5.5 (a) shows the calculated band structure of a paramagnetic transition

metal arranged in a 2D square lattice [129]. Dispersion of the d bands can be
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Figure 5.5: (a) Calculated band structure for a paramagnetic transition metal on a square
lattice by Wang [129]. (b) Tight binding calculations of electronic structure of Cr layer
adsorbed on Ag(001) surface by G. Allan [133].

understood from simple tight binding considerations. The dxz,dyz derived bands

along Γ-M show antibonding character at Γ5 and bonding character atM , whereas the

d3z2−r2 (dx2−y2) derived bands are bonding at M1 (M3). A more realistic calculation

by Richter et al. [130] where a 3d metal monolayer supported by a noble metal

substrate was considered and a similar behavior of the bands near Γ and M was

preserved. However, our experimental data shows bonding character for Γ5 band. Cr

has half-filled 3d shell, which means the EF should be located at the middle of the

d bands as supported by all these theoretical calculations. Therefore, Γ5 should be

unoccupied in paramagnetic Cr and the d band should exist in the neighborhood of

Fermi level. Experimentally no d states are observed to cross the Fermi energy EF ,

rather there is a gap of 0.8 eV below the EF . Moreover, according to the calculations

of Fu et al. [13] the occupied band width should be about 1.5-2 eV with high density

of states at EF , which should be in case of a paramagnetic p(1×1). This suggests

that the Cr monolayer must be stabilized by some mechanism which opens a large

gap at EF . Also, the observed dispersions are much smaller than expected from

a paramagnetic Cr monolayer. The experimental width of the dxz,yz bands (Γ5

symmetry) along Σ (Γ-M), as shown in figure 5.2 (f), is about 240 meV as compared
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to 1.0 eV calculated theoretically [130]. Hence, the observed band topology is not

compatible with the one expected from a paramagnetic Cr monolayer.

Again, ferromagnetism would result in much larger total bandwidth, about 2.5

eV and a substantial density of states at EF as shown by previous calculations [131].

Also, ferromagnetism is incompatible with the c(2×2) symmetry as well as with the

small observed band dispersions. It is interesting to observe that, the Cr 3d bands

shown in our experimental data actually indicate a c(2×2) superstructure rather

than a p(1×1) translational symmetry. Specifically for the Γ5 band there is a nearly

perfect symmetry at the midpoint of Σ line in the p(1×1) SBZ as clear from figure

5.2 (f) and 5.4 (d). From the dispersive behavior of the Σ band, it appears that the Γ

and M are equivalent points. Tight binding model calculations for the d bands of an

isolated Cr layer arranged in a square lattice was performed by Krembel et al. [132]

were in agreement with the dispersive nature of the experimental d bands along

Σ. A more realistic calculation was performed by G. Allan [133] where electronic

structure of a Cr overlayer adsorbed on Ag(001) surface was calculated in tight

binding approximation. In its ground state a c(2×2) antiferromagnetic Cr monolayer

structure has magnetic moment close to 3.6 µB. The 2D energy-dispersion curves

were calculated for an antiferromagnetic Cr monolayer along two different symmetry

directions of the SBZ as shown in figure 5.5 (b). These calculated band structure

matches reasonably well with our experimental band dispersion data. The 2D band

dispersion and symmetry of the dxz,yz are in agreement with our experiments which

supports the existence of c(2×2) symmetry. However, the tight binding model does

not include the mixing of Cr d states with Ag s states therefore for the deeper

lying bands the agreement between theory and experiment is worse, e.g. the highly

dispersive features observed in our data at around X, as visible in figure 5.2 (h) are

not predicted by these tight binding calculations as these are thought to be originated

by the Cr d and Ag sp hybridization. In fact, the previous experimental results by

C. Krembel et al. also do not observe these highly dispersive features around X.
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a) b) 

Figure 5.6: (a) Calculated band structure of bare Ag(001) at the high symmetry point
X performed by the group of Prof. Shobhana Narasimhan et al. [120] (b) Corresponding
experimental ARPES data from our measurements on Ag(001) surface.

We have performed the ab-initio DFT calculations in corroboration with the

group of Prof. Shobhana Narasimhan, JNCASR, Bangalore. The details of the

calculations and complete results can be found in the Ph. D thesis of Sananda

Biswas [120]. Here, we are only showing some of the calculational results for direct

comparison with our experimental ARPES data. The calculated band structures of

bare Ag(001) surface is shown in figure 5.6 (a) with the experimental data in figure

5.6 (b) along high symmetry direction Γ-X-Γ. The gray scale represents the amount

of projection from the atoms of these layers; while ‘white’ color represents the bands

with highest projection, ‘black’ color represents the bands with zero projection. For

this calculation, they have used the (1×1) unit cell of Ag(001), and no band unfolding

was required. The calculated band structure is in good agreement with our ARPES

data obtained for bare Ag(001) surface. As we discussed in Chapter 4, the lowest

energy configuration of the system is found to be 1 Ag/1 Cr/Ag(001) where the ML

Cr was buried under a ML of Ag layer. The valence band dispersions of this system

was calculated and is shown in figure 3.7 (a) along with the second derivative of

experimental ARPES data for the 1 ML of Cr grown on Ag(001) at 428 K. Here, the
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Figure 5.7: (a) Calculated band structure for 1 Ag/1 Cr/Ag(001) performed by the group
of Prof. Shobhana Narasimhan et al. [120] (b) Experimental band structure along Γ-X.
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color scale represents the amount of projection of the atomic states corresponding

to the states of the top two layers of the slab, (i.e., the segregated Ag atoms and

the second layer Cr atoms) onto the unfolded bands. The ‘red’ color represents the

bands with highest projection, while the ‘dark blue’ color represents the bands with

zero projection. The majority and minority bands are found to be degenerate in

the entire energy range considered here. It was found that the band structure gets

modified significantly and additional states appear in the Ag sp band region due to

the presence of Cr. As shown in figure 5.7 (a), these states are denoted as S1, S2,

S3, S4 and S5, with band edges (E - EF ) at -0.72 eV, -1.18 eV, -1.58 eV, -1.87 eV

and -2.02 eV, respectively. It is clear from the comparison between the calculated

and the experimental data in figure 5.7 that there is a reasonable agreement between

them. Even though there are differences in the exact binding energy positions a

well as on the precise nature of the dispersions, but there is an overall qualitative

agreement between them. In figure 5.7, we are showing the second derivative of the

data for a comparison of the dispersions, though for the intensity comparison has to

be made between the raw experimental ARPES data and calculations. The intensity

of S1 appears to be very high in the experimental data [see figure 3.2 (d)]; however,

the calculations only show a weak intensity structure in comparison. Upon taking

into account the projections from the Ag layers which are below the Cr layer, no

change was observed in the intensity of S1. In fact, S1 is found to originate primarily

from the Cr atoms with Cr1 3dx2−y2 orbital symmetry. However, it is found that

the calculated dispersions of the S1 states are found to disperse upward towards

the EF and eventually crossing the EF . But no such behavior was found for the

experimental bands, which in fact shows a band gap of about 0.8 eV below EF

without any states crossing the EF . This will be the subject of a future investigation.

For both the majority and minority spins, it was found that all the surface states are

two-fold degenerate states, except for S3, which is a 4-fold degenerate state. For the
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other states (S2, S3 S4 and S5), there is a general agreement with the experimental

dispersions.

From the charge density calculations [120], we find that the state S1 mainly

originates from the Cr1 3dx2−y2 , the state S2 mainly originates from the Cr1 3dz2

and Cr2 3dxy, S3 mainly originates from the Cr1 3dyz, S4 mainly originates from the

Cr1 3dz2 and S5 mainly originates from the Cr1 3dxy.

In general, the ab initio calculations of the 1 Ag/1Cr/Ag(001) describes the

experimental band dispersions reasonably well even though there are some quantita-

tive differences between them which need to be investigated in detail. As we have

already discussed, the observed band topology is incompatible with paramagnetic

or ferromagnetic phase of monolayer Cr. Rather, the band dispersion matches well

with a c(2×2) translational symmetry; compatible with the observation of LEED

(1/2, 1/2) spots for low energy electrons. Structural effects including reconstructions,

periodic lattice distorsion or charge density waves are incompatible with the observed

LEED since any distortion would produce strong extra spots or diffraction pattern.

Thus, we are left with a magnetic stabilization mechanism. The small dispersion of

the bands, their low band-width, creation of band gap near Fermi level and most

importantly compatibility with antiferromagnetic band calculations, along with the

presence of LEED half-order spots favor the stabilization of a Cr overlayer on Ag(001)

through antiferromagnetic in-plane interaction of the enhanced magnetic moments.

5.2.3 Valence band: Cr coverage dependence

Interesting results were found when ARPES studies were performed as a function

of Cr coverage dependence. As we already discussed in chapter 3 that a direct

deposition is a must for the growth of antiferromagnetically ordered Cr domains

on Ag(001) at submonolayer range. We have deposited different Cr coverages on

Ag(001) in single step (in direct deposition mode) while the growth temperature was
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Figure 5.8: Second derivative of experimental ARPES data at different Cr coverage: (a)
0.1 ML. (b) 0.2 ML. (c) 0.5 ML. (d) 0.8 ML. (e) 1.2 ML. (f) 1.4 ML. (g) 1.6 ML. (h) 2 ML.
(i) 2.5 ML. (j) 5 ML. Each film was deposited directly on Ag(001) crystal kept at 428 K.
Band structure along Γ-M . Photon source He Iα. (~ω = 21.2 eV). The antiferromagnetic
Cr 3d valence band structure is visible from 0.1 ML; Intensity of the AF bands is highest at
1.2 ML. The band structure changes from antiferromagetic to paramagnetic from coverage
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maintained at 428 K for each case. The films were studied under LEED to check

the presence of c(2×2) (1/2, 1/2) spots everytime. The intensity behavior of these

‘half-order’ spots at different Cr coverages were already discussed in detail in chapter

4 of this thesis. Intensity of Cr 3d antiferromagnetic valence band at M symmetry

point was also discussed in this context. Though the details of band dispersion, band

intensity at different k|| values, bandwidth of the antiferromagnetic features and

their resolution were still unexplored; which we are going to discuss here in detail.

In figure 5.8, the experimental ARPES data of the Cr 3d valence bands have been

shown along Σ(Γ-M) direction of the SBZ for different Cr coverages. However, weak

band intensities are not clear in the raw data, therefore second derivative of each

data has been presented for each case to visualize the transition of valence electronic

states from antiferromagnetic to paramagnetic nature. Upon deposition of very tiny

amount of Cr equivalent to 0.1 ML, we observe a very faint band close to 1 eV binding

energy position having a bandwidth of 0.7 eV [figure 3.8 (a)]. Intensity of this broad

feature gets stronger upon direct deposition of 0.2 ML Cr [figure 3.8 (b)]. This band

appears to be almost flat; it has very small dispersion though. Upon deposition

of 0.5 ML [figure 3.8 (c)], this band resolves into two separate, closely lying bands

at Γ (at 1.05 and 1.4 eV binding energy positions) and their dispersion becomes

more prominent showing symmetry between Γ and M points. A faint intensity at

higher binding energy position (1.7 eV) is also visible at M . The characteristic of

the band now appear to be same with the antiferromagnetic Cr 3d band structure.

Interestingly, antiferromagnetic half-order spots in LEED, though broad and faint,

were visible from this stage only. At the very low coverages of 0.1 and 0.2 ML Cr

over Ag(001), half orders were not distinguishable due to their very weak intensity

and presence of high intensity integer order spots, though the valence band structure

reveals their antiferromagnetic nature (see chapter 4). From 0.8 to 1.6 ML [figure 3.8

(d) to 3.8 (g)], the antiferromagnetic Cr 3d valence band structure is distinctly visible

with the presence of all the three [Γ5, Γ1 and Γ3] bands. The maximum average
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band intensity appears at 1.2 ML coverage, whereas the antiferromagnetic band

intensity gradually diminishes upon exceeding this optimum Cr coverage. For higher

Cr coverages above 2 ML, the experimental band dispersions are found to match

with that of the paramagnetic state rather than the AF state. In fact, the 2 ML film

[figure 3.8 (h)] shows a mixture of both antiferromagnetic and paramagnetic bands,

where intensity of both features are weak. The only state Γ5 is present faintly, since

it is the strongest state of the antiferromagnetic band structure. The paramagnetic

band structure becomes more prominent at 2.5 ML coverage [figure 3.8 (i)]; states

are visible at EF for normal emission (Γ position) revealing the metallic nature of

Cr film. In case of a 5 ML film [figure (j)], its valence band electronic structure is

almost similar to that of the bulk Cr(001) band structure.

5.2.4 Valence band: Growth temperature dependence

In this section, we discuss the valence band structure of monolayer Cr film deposited

at 300 K and 428 K, and conclude about the growth modes and structures of the

films under these two different growth conditions through comparative analysis of

the experimental ARPES data. In figure 5.9, the valence band electronic structures

of 1 ML Cr films grown at RT (300 K) [left column] and at elevated temperature

(428 K) [right column] are shown along Σ and ∆ symmetry directions using He Iα

photons. All the data are represented by the 2D second derivative of the raw data

for better visualization. When figure 5.9 (a) and (b) are compared, it leads to some

interesting conclusions. Figure 5.9 (b) shows the antiferromagnetic band structure of

monolayer Cr film (grown at 428 K) along Γ to M , the details of which has already

been discussed in earlier sections. In figure 5.9 (a), which shows the Cr 3d valence

band structure of monolayer Cr grown at 300 K, faint antiferromagnetic features are

visible. Intensity of the antiferromagnetic bands are very weak and the features are

broad and not-so-well-resolved [similar to the case of figure 5.8 (a) or (b)]. However,
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a strong band is visible near the Fermi level (at 0.5 eV) close to Γ position. This band

crosses the Fermi level reminding of the metallic nature of the Cr film. The band

structure indicates that Cr film deposited at RT is mostly of paramagnetic nature.

As we discussed in earlier chapters, Cr deposited at RT forms bi or multilayer islands

on Ag(001). These epitaxial p(1×1) bi or multilayer domains are of paramagnetic

nature which is reflected in the presence of bands crossing the EF . Moreover, among

the multilayer islands, the presence of few monolayer Cr c(2x2) platelets can not be

ruled out. These tiny monolayer domains under Ag layer has 2D antiferromagnetic

arrangement of the Cr moments. As the effective area of these monolayer platelets

are significantly smaller and have short range in-plane magnetic order, very weak

intensity of the antiferromagnetic bands are observed in the ARPES of monolayer

Cr deposited at RT. It is worthwhile to remember that no magnetic ‘half orders’

were visible in case of the RT deposited film as we have already shown in the earlier

chapters. Hence it may be conclude that at RT deposition, the monolayer Cr film is

composed of bigger multilayer epitaxial Cr domains with paramagnetic ordering and

a few monolayer Cr domains covered by which have the AF ordering. Comparison

between figure 5.9 (c) and (d), where band structure is presented along Γ to X, also

indicate to the same conclusion.

Our observations are in agreement with valence band studies by Krembel et

al. [115, 132]. They reported that at lower temperature (100 K) the growth of Cr on

Ag(001) is random with very poor crystalline order, which results in non-dispersive

and faint Cr 3d bands. The crystalline disorder of Cr growth at low temperature

was also supported by the surface x-ray diffraction studies by Steadman et al. [91].

On the other hand, the good quality crystalline order of monolayer Cr at elevated

temperature (428 K) was reported by both groups. Here, from our experimental

ARPES data, we show that at an intermediate temperature 300 K the growth quality

is moderate, having a mixture of both multilayer and monolayer domains.
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Figure 5.9: ARPES data along Γ-M for 1 ML Cr film deposited at (a) 300 K (b) 428 K.
Along Γ-X for 1 ML Cr film deposited at (c) 300 K (d) 428 K. Photon source He Iα.

5.3 Core levels : X-ray photoemission studies

X-ray photoemission spectroscopic (XPS) studies were performed in UHV chamber

on different Cr film coverages deposited on Ag(001). Monochromatic Al Kα (~ω =

1486.6 eV) x-ray source was used for this purpose. XPS studies were fruitful from

the viewpoint of different aspects. It helped to quantify the monolayer Cr coverage

on Ag(001) as a compatible tool to optimize the growth. Any Cr coverage deposited

after the quartz microbalance calibration can be rechecked by the XPS intensity of

Cr 2p1/2 peak. We found, one layer equivalent Cr corresponds to a Cr 2p1/2 to Ag 3d

signal-height ratio of 0.0153, according to our calibration (see chapter 2 for details).

This was used to check the coverage of the Cr films deposited on Ag(001) and in

all the cases, they were found to be very close to that obtained from the quartz

microbalance.
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Figure 5.10: (a) X-ray photoemission spectral data of Cr 2p peaks for different Cr
coverages. (b) Binding energy shift of Cr 2p1/2 at submonolayer coverage for deposition
temperature 300 K and 428 K.
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A more interesting phenomena observed in our XPS studies is the shifting of

binding energy of Cr 2p1/2 peak at the submonolayer film coverage. In figure 5.10

(a), Cr 2p peaks were presented at different coverages for growth temperature 428

K. Though Cr 2p3/2 peak has double intensity than the Cr 2p1/2 peak, the higher

intensity peak can not be used for comparison since the Ag 3p3/2 of the substrate

appears at similar binding energy position. In figure 5.10 (b), the binding energy

position of Cr 2p1/2 peak has been plotted as a function of film coverage for Cr

films deposited at RT (300 K) and 428 K. The binding energy position of Cr 2p1/2

peak of a 0.5 ML film is closer to its bulk value in case of RT (300 K) deposition

compared to the elevated temperature (428 K) deposited film. This happens because

of drastic change in Cr environment and coordination in the submonolayer range. At

RT deposition, the Cr film starts to grow in multilayer island mode from its initial

stage of growth. It has different chemical coordination than in monolayer Cr film

which grows at 428 K deposition. This reconfirms the multilayer and monolayer

growth mode of Cr film on Ag(001) at room temperature and elevated temperature

respectively. Similar observations are reported by the group of Krembel et al. [132],

but the binding energy shifting curve obtained by them differs from our observation.

This may be due to the fact that monochromatic x-ray source, with much better

resolution, has been used for our experimental purposes; whereas Krembel et al. has

used non-monochromatic source. Therefore more superior quality of data is expected

in our case.

5.4 Magnetism of Cr monolayer: Ising behavior of c(2×2)

2D antiferromagnet

Within the Heisenberg model, which is the most general way to describe the magnetic

moments of an ideal two-dimensional (2D) film, no long range order can exist at

finite temperature [134]. However, the presence of uniaxial anisotropy as expected
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Figure 5.11: (a) Temperature dependence of (1/2, 1/2) spot intensity in LEED at
beam energy 23 eV (raw data). (b) Data normalized by Debye-waller factor and fitted by
Onsager-Yang equation.

in real samples, the system is predicted to become Ising-like near the transition

temperature [135]. The transition between ferromagnetic and paramagnetic state has

been studied for different ultrathin film systems; e.g. Co/Cu(111) [136], Fe/W(110)

[137,138], Fe/Ag(001) [139], Fe/Pd(001) [140] and V/Ag(001) [140] using different

experimental techniques such as spin polarized low energy electron diffraction [137],

electron capture microscopy [140], magneto optic Kerr effect [139] etc. For these

films the magnetization M(T) is properly described by the asymptotic power law,

M(T)≡(Tc-T)β, where the value of the critical exponent is close to 1/8 [88]. In

contrast, very few works have been devoted to the antiferromagnetic-paramagnetic

transition for thin layers. As for these systems the net magnetization is equal to zero,

and techniques generally used for ferromagnetic layers are not suitable. Low-energy

electron diffraction (LEED) can be used to study the surface of antiferromagnetic

systems or 2D antiferromagnetic layers such as 1 ML Cr/Ag(001). Indeed the small

difference between scattering amplitudes at spin-up and spin-down atoms due to

exchange scattering produces additional spots on the LEED diagram, whose intensity

is proportional to <MS>2, the square of the thermal average of the spin moment
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component of the scattering atom [141]. In fact, this fact reflects in the existence of

sharp but low intensity (1/2, 1/2) spots in our LEED data, as already shown and

discussed. In this section we are going to show the temperature variation of the

half-order intensity and fit the experimental data with the exact solution of the 2D

Ising model given by Onsager and Yang [88].

In figure 5.11 (a), the average intensity of (1/2, 1/2) spots at 23 eV beam energy

has been presented against temperature in case of 1.2 ML Cr film where we observe

the maximum intensity for the half-order spots. Raw data has been presented,

after considering background subtraction of each spot and calculating the average

intensity of all the four ‘half-order’ spots. The sample was cooled down to 220

K with liquid nitrogen (reaching even lower temperature was not possible due to

some technical difficulties during this particular experimental run) and then heated

up with a slow ramp. Intensity of half-order spots falls down linearly upto 400

K; beyond that intensity jumps down exponentially to zero value at about 455 K

sample temperature (open circles). Once the half-order intensity vanishes, they do

not reappear back upon cooling down the sample to lower temperature, showing the

irreversibility of the procedure (filled circles), as already discussed in Chapter 3 of

this thesis. Generally, LEED spots intensity are known to decrease with increasing

temperature because of the thermal motion of atoms. In single scattering theory,

the beam intensity is reduced by the Debye-Waller factor, exp(-2W), where W is

proportional to temperature T. The contribution of multiple scattering events is

certainly strong in our present case, as data are taken at low incident energy (23

eV), where the superstructure is the most visible. However, the experiment has

shown that even in the presence of multiple scattering, LEED spot intensities usually

closely follow a simple temperature dependence in the form, I = I0exp(-αT), but the

dependence of α on spot indices and incident energy is not the one expected from

simple Debye-Waller theory. The Debye-Waller factor has been extracted using the

linear part of the ln[I(1/2,1/2)] curve and our raw data has been normalized by this
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Figure 5.12: LEED (1/2, 1/2) spots of monolayer Cr film at beam energy 23 eV for
sample temperature (a) 223 K (b) 455 K. ARPES data at Γ position, sample temperature
(c) 223 K, high intensity antiferromagnetic Cr 3d bands visible. (d) 455 K, antiferroagnetic
bands vanished.

factor to obtain the temperature dependence of <MS>2 only. This data has been

plotted in figure 5.11 (b). The data has been fitted with the solution of 2D Ising

model given by Onsager [142] and Yang [143] for the sublattice magnetization:

< MS >= (1− 1/[sinh(ln(1 +
√

2)Tc/T )]4)0.125 (5.1)

The magnitude of transition temperature obtained from our fitting is Tc = 457 K.

It can be seen that the 2D Ising model provides a good description of the magnetic

order of the Cr 2D islands for 220 K<T<456 K, i.e., for T/Tc ranging between 0.48

and 0.998 [88].

In figure 5.12 (a), a LEED image of 1 ML Cr film is shown at 223 K corresponding

to the figure 5.11 (a) where strong intensity of half orders is visible, LEED image
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shown in figure 5.12 (b) is collected at sample temperature of 455 K where half-order

intensity vanishes completely. One may wonder if the c(2×2) intensity evolution

could be explained by the formation of an ordered Cr-Ag surface alloy. However in

such a scenario, during the annealing procedure, the LEED superstructure intensity

is expected initially to grow with temperature, then to reach a maximum, and

finally decrease with further increase in temperature because of the destruction of

the ordered Cr-Ag surface alloy domains. In fact as shown in figure 5.11 (a), spot

intensity decreases continuously with increasing temperature, so the data cannot

interpreted in terms of formation of a c(2×2) Cr-Ag surface alloy. Again, our ARPES

data, where existence of antiferromagnetic Cr 3d valence bands are visible, is a direct

proof of antiferromagnetic phase persistent in the film. In figure 5.12 (c), intense

valence band features at Γ position are shown at the low temperature of 223 K

in support with the existence of half-order spots in LEED in figure 5.12 (a). The

antiferromagnetic bands disappear [figure 5.12 (d)] at 455 K when the half orders

also disappear.

5.5 Summary

The details of two-dimensional antiferromagnetic valence bands structure of monolayer

Cr film along different symmetry directions has been discussed in this chapter. The

experimental ARPES data has been established in support with the DFT calculations.

The coverage dependence of Cr layer as well as the growth temperature dependence

of monolayer Cr has been illustrated. The Cr 2p core levels have been probed by XPS

studies and the monolayer and multilayer growth modes at different temperatures

have been concluded. The variation of LEED half-order (1/2, 1/2) intensity with

temperature has been studied and the data was fitted with Ising model solution to

find out the critical transition temperature (Tc) of this 2D Ising antiferromagnet.
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Growth of NiO film on Ag(001):
characterization of electronic structure

6.1 Introduction

The interest in the research of oxide surfaces and thin films are still steadily growing

since decades due to their challenging fundamental properties and to their actual and

potential applications in catalytic systems, chemical sensors, electronic and magnetic

devices, and functional and aesthetic coatings. Special efforts have been directed at

the study of ultrathin oxide films. Such two-dimensional systems are emerging as

important new materials where the relevant phenomena are induced by the extreme

vertical confinement, and new phases and structures are stabilized, which cannot

be obtained in the bulk form. Last but not least, the possible use of thin oxide

films as model systems to substitute for bulk oxides has been shown to be very

appealing. Critical properties basically depend on the reduced dimensionality, as well

as on the stoichiometry, defects and morphology of the films, on the extent of the

crystalline order, and on the sharpness of the interfaces between film and substrate

or between different films in multilayers, which are to a great extent determined by

the preparation method. Therefore a main driving force in the development of oxide

materials in the form of ultrathin films has been the progressive improvement of the

fabrication procedures.

149



6.1. Introduction 150

Transition metal oxides constitute probably one of the most interesting classes

of solids, exhibiting a variety of structures and properties. The nature of metal-

oxygen bonding can vary between nearly ionic to highly covalent or metallic. The

unusual properties of transition metal oxides are clearly due to the unique nature

of the outer d-electrons. Late 3d transition-metal oxides are arguably among the

most intensely studied compounds in condensed matter physics today. This is so

not only because they have shown great promise on a wide range of important

applications, but also because they have for a long time challenged our ability to

construct a truly many-body theory of the solid state. First of all, they display a wide

range of ground states, with their electrical and magnetic properties ranging from

insulating, semiconducting, metallic, superconducting, ferromagnetic, ferrimagnetic

and antiferromagnetic. They show dramatic changes in their physical properties as a

sensitive function of temperature, pressure and stoichiometry. Secondly, they include

the Mott-Hubbard insulators, in which a large on-site Coulomb repulsion suppresses

charge fluctuations and prevents metallicity, even in materials with an odd number of

electrons per unit cell. Finally, they comprise the high-temperature superconductors

which are closely related to the antiferromagnetic Mott-Hubbard insulators.

The late 3d transition metal monoxides (MnO, FeO, CoO, NiO) are particularly

important thanks to their appealing properties such as relatively high Néel tempera-

ture, the chemical and mechanical stability, the low lattice mismatch with respect to

the corresponding FM metals and their alloys, and their large electronic gap. For

example Nickel Oxide (NiO), though it has relatively simpler rocksalt (NaCl) struc-

ture, its optical properties, electronic structure and mainly the complicated magnetic

structure have drawn a lot of scientific studies on this simple-oxide system since

few decades. Above its Néel temperature TN , NiO has a rocksalt crystallographic

structure. Below TN , magnetostrictive effects leads the NiO crystal structure to

undergo a rhombohedral deformation. If we make the simplifying assumption of NiO

being an ionic crystal, it has the formula Ni2+ O2−. The Ni cations are then in a
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Ni 2+ Ni 2+ O 2- 

Figure 6.1: superexchange interaction in NiO.

3d8 ground state. Since NiO is an insulator, all itinerant or direct interactions to

convey a magnetic order are weak, leaving as only effective mechanism the so-called

superexchange, i.e. the hopping of electrons between two cations via a ligand bond.

The formation of a covalent bond with a cation on either side of the oxygen atom

leads to antiparallel spin alignment of the neighboring cations (see figure 6.1).

Transition metal (TM) monoxides belong to a wide class of materials where the

electronic properties are strongly affected by electron-electron correlation effects,

and where the single particle approximation fails in describing their electronic

structure [144,145]. The most obvious problem in the description of late TM oxides

is that they have a partially filled d band but are nonetheless insulators with large

gaps. For example, MnO, FeO, CoO and NiO have band gaps 3.6, 2.4, 3.0 and 4.3 eV

respectively. In particular, NiO has been considered the prototypical representative

of this class of strongly correlated materials since the publication of Mott’s seminal

work [146] and has been extensively studied for many years [147]. In fact, NiO is the

first material where Neutron diffraction studies were performed for antiferromagnetic

characterization; and many studies are still performed on NiO now-a-days [148].

Interest in thin NiO films is mainly motivated by catalytic applications (where

the oxide serves either as a catalytic material or as an inert support for catalytic

metal clusters [149,150]) and by the potential use in magnetic nano-devices (where

the antiferromagnetic NiO layers are used to pin the magnetization of ferromagnetic

layers [151]), as well as by the key role played by this material in the fundamental

studies of electron correlation in solids [151, 152]. Also NiO thin films on metallic

substrates provide a possible way out to dramatic charging problems which severely
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hamper the study of this insulator by electron spectroscopy and other surface science

techniques based on electrically charged probes. For this reason, in recent years

there has been an increasing interest in the preparation and characterization of metal

supported oxide films which are by now widely employed as model systems to study

the surface properties of highly insulating oxides [153–155]. In fact, in recent years,

the physical properties of two-dimensional metal-oxide epilayers on metal substrates

have become a topic of great interest [156–160]. Films of a few monolayers can be

deposited epitaxially on metal substrates by ultrahigh vacuum techniques, yielding

reproducible and well-characterized systems. It has been shown that the energy

gap (Eg) of the oxide, in the oxide/metal system, can be modulated by the film

thickness [161–163]. The demonstrated ability to control film thickness and hence

the band gap represents therefore a new technological opportunity for band gap

engineering. It has also been argued that the presence of the metal substrate can

alter significantly the electronic structure of the oxide and influence its chemical

properties, with a prospective range of important applications [162]. In fact, many

studies have been performed to investigate the magnetic structure of NiO films

deposited on metallic substrates whereas studies on the electronic structure of this

metal oxide insulator film is rare which opened up scopes to reinvestigate the growth

and electronic properties of this simple mono-oxide film which is the main focus of

this chapter.

6.2 Background works on NiO thin film growth

Many chemical and physical routes are already reported for the preparation of NiO

films. All these track leads to formation of polycrystalline, amorphous and powder

NiO samples. Chemical vapor deposition method, pulsed laser deposition, sol-gel

techniques and physical method like annealing Ni foil in oxygen environment are very

good ways to prepare NiO films of moderate purity. The advent of ultrahigh vacuum
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deposition technique using molecular beam epitaxy (MBE) assured more controlled

deposition with better accuracy of nickel to oxygen stoichiometry and ordered NiO

film growth. The applications of metal oxide ultrathin films in the field of electronics

prompted the demand of more controlled growth of oxide films. A very strong impact

comes from the field of (nano) electronics where, on the one hand, oxide films are

necessary as a dielectric material, e.g. to fabricate metal-oxide semiconductor field-

effect-transistors (MOS-FET). Here, the rapidly decreasing size of integrated circuits

is a challenging problem. On the other hand, oxide films serve as tunneling barriers

for many different nano electronic devices. For these applications, the oxide films

have to be extremely thin (in the thickness range of 1 nm) to guarantee sufficiently

large tunneling currents at low applied voltages. Nowadays, much attention is paid to

the combination of the tunneling effect with ferromagnetic materials. Here, the effect

of tunneling magneto resistance (TMR) plays an important role for magnetic storage

devices since the spin-dependent tunneling transport through oxide barriers can be

used as a sensor to detect the orientation of the magnetization of both electrodes. In

addition, for instance, (antiferromagnetic) NiO films are used as spin valves to pin the

magnetization of ferromagnetic films [151]. Bauer [96] pointed to the important role

of surface and interface energies for the wetting or non-wetting behavior of epitaxial

films. Considering the surface and interface energies of oxide-metal systems, one

expects that oxide films wet metallic substrates since, due to their ionic binding,

the surface energy of oxides is very often lower than the surface energy of metals.

Furthermore, the atomic structure (lattice mismatch, crystal structure) has to be

taken into account. Large lattice mismatch produce increasingly large stress in

pseudomorphic films. Thus, dislocations are introduced for films thicker than a

critical thickness to relax the film structure and to minimize the total energy. The

critical thickness depends on the lattice mismatch and elastic properties of both the

film and the substrate. Therefore, it is advantageous to select oxide-metal systems

with lattice mismatch as small as possible and surface orientations which coincide
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with the non-polar surfaces of the oxide film. In addition, however, kinetic effects

may lead to the formation of inhomogeneous films, especially for deposition at low

temperatures. The growth of NiO films on Ag(001) has been studied intensively

by the group of Neddermeyer [164–166]. NiO films are formed by reactive growth

and show high quality on Ag(001) probed by high intensity ordered Low Energy

Electron Diffraction (LEED) spots and photoemission studies. The structure and

morphology of NiO films on the Ag(001) substrate has already been investigated by

many surface sensitive techniques such as LEED and Auger as well as photoelectron

electron diffraction [167], scanning tunneling microscopy (STM) [168,169], spot profile

analysis (SPA)-LEED [170], primary-beam diffraction-modulated electron emission

(PDMEE) [171], and specular x-ray reflectivity [172]. NiO is known to grow in layer by

layer fashion in an initially pseudomorphic, tetragonally distorted rocksalt phase. As

the thickness of the oxide film increases, the formation of mosaics on the film surface

has been observed and ascribed to the process of relaxation of the misfit strain. A

significant substrate disruption was observed by STM studies. The effect of different

oxygen dosage on the on the structure and composition of ultrathin NiO layers grown

on Ag(001) was investigated by C. Giovanardi et al. [173]. They confirmed from

their LEED, photoemission and PDMEE studies that the growth of structural 1×2

phases at low oxygen pressure whereas regular 1×1 phase forms at moderate pressure.

Reflection High Energy Electron Diffraction (RHEED) experiments by Himba and

Peacor [174] showed that NO2 is a better oxydizing reagent for the growth of NiO than

regular molecular O2 source. Experiments of C. Giovanardi et al. [173] has shown

the growth of monolayer NiO film on Ag(001) is quite smoother while atomic oxygen

is used rather than molecular oxygen; a c(2×2) structural pattern was observed [175].

The drastically increasing interest in the (surface) properties of (bulk) oxides and

ultrathin oxide films is demonstrated by the strongly increasing number of scientific

publications in this field. One major motivation for this increasing interest in the

growth and characterization of oxide films is the large variety of their applications.
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For instance, excellent overviews on the epitaxial growth of ultrathin oxide films

have been presented recently by Ventrice and Geisler [176] and Chambers [177]. The

interfacial strain has been calculated by Netzer and his group [178] from SPA-LEED

analysis for the case of NiO films deposited on Pd(001) where the lattice mismatch

is 7.8%. Casassa et al. [179] has used ab-initio density functional theory to calculate

structural, magnetic and electronic properties of NiO monolayer epitaxially grown

on Ag(001). Giovanardi et al. [180] has deposited 3-20 ML NiO film on Ag(001)

by reactive deposition to investigate the structure and morphology by LEED, STM

and XPS studies. The geometric parameters of NiO film deposited on Ag(001) were

determined by Lamberti et al. [181] using two different experimental techniques

(PDMEE and Polarization dependent XAS) and ab-initio simulations. They claimed

that NiO film grows with O on top of Ag and the oxide/metal interface distance is d

= 2.3 ± 0.1 Å.

There are much more studies on NiO bulk and many studies on NiO epitaxial

thin films. However, there are far too less experimental electronic band structure

studies, or ARPES studies. The only ARPES studies on the NiO single crystals has

been by Shen et al. [182–184] in the early 90’s and the electronic band structure

of the system has not been further explored experimentally since then. The main

reason has been the strong insulating nature and the strong charging effects on these

compounds which prevented the detailed experiments. This problem can be solved

by the growth of NiO thin films. Still, there has only been one study on the NiO

film [185], which is not a detailed work. Thus, the motivation of or study has been to

explore the electronic structure of the NiO thick films without any charging effects

and compare it with the single crystal case as well as to study the effect of NiO film

thickness on the electronic structure. Moreover, as the Néel temperature changes

with the thickness of the film, the study of the electronic structure as a function

of the thickness might enable us to understand how the AFM affects the electronic

band structure of the NiO system.
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6.3 Experimental Details:

6.3.1 Choice and preparation of the substrate

Epitaxy is the ordered growth of one crystalline layer upon a pre-existing crystalline

surface, and the close lattice matching of overlayer and substrate is an important

parameter to support epitaxial growth. In heteroepitaxy, i.e. the growth of one

type of material on a different substrate material, perfect lattice matching is rarely

encountered. The resulting lattice mismatch at the interface leads to strain in

the overlayer [186] and defects in form of misfit dislocations to reduce this strain.

Lattice strain influences the electronic structure of the material [187] and its chemical

reactivity [188], whereas dislocations cause the loss of coherence of the lattice,

reducing the mobility of charge carriers and thus are detrimental to the electrical

transport properties. As NiO have lattice constant of 4.18 Å, a proper substrate

must be chosen to reduce lattice mismatch and hence make the epitaxial quality

better. MgO has lattice constant of 4.2 Å, which implies only 0.4% lattice mismatch

with NiO indicating a good epitaxial quality growth. Studies are there where growth

and characterization of NiO film on MgO has been reported [174, 189–191]. The

insulating nature of NiO is a constraint for performing photoemission experiments on

its bulk counterpart due to the sample charging problem. On the other hand, MgO

is an wide band gap insulator itself; therefore deposition of NiO film on top of this

strong insulator does not help from the viewpoint of charging problem. Moreover,

consideration of surface free energy gives us a general idea that oxides has lower

surface energy than metal. Hence, in case of deposition of oxide film on metal surface,

the film will spread covering up all over the surface area of the metal reducing the

probability of island formation. Pd(001) has notable lattice mismatch with NiO,

7.8% which shall produce significant strain at the interface affecting its physical as

well as electronic structure [192]. On the other hand, Ag(001), the metal with face
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centered cubic (fcc) unit cell, has bulk lattice parameter 4.09 Å, which indicates a

2% lattice mismatch with NiO. Also there is less probability for alloy formation of

Ni with Ag at finite temperature, except at the vicinity of exact interface. Therefore

Ag(001) may be chosen as a proper substrate for growth of NiO film for rigorous

study with photoelectron spectroscopic experiments.

The Ag(001) single crystal from Mateck GmbH, Germany was cleaned through

sputtering and annealing cycles. The polished crystal was bombarded by Ar+ ion for

20 min with energy 0.7 keV , IC (sample current) = 6.0 µA); where the Ar pressure

was fixed at 3×10−6 mbar. The sputtering procedure was then followed by annealing

at 673 K for 30 min. There was electron beam heating arrangement fitted in the PTS

1200 sample holder [Prevac sp. z.o.o. (Ltd.)], where a 2 Amp current was passed

through a tungsten filament which was held at 500 Volt negative potential than the

Ag(001) crystal which was grounded (at zero potential). The thermionic emitted

electrons driven by the attractive potential towards the crystal hit the sample with

sufficient kinetic energy to warm up the sample faster (electron emission current Ie =

6 mA). The whole procedure of sputter and anneal was performed in the preparation

chamber (base pressure: 1×10−10 mbar) which equipped with sputter gun and Low

Energy Electron Diffraction (LEED) set up. Starting with a new Ag crystal, it takes

about 10-12 of sputter and anneal cycles to prepare its surface such that a highly

intense and sharp four fold p(1×1) LEED pattern was observed. The crystal was

then transferred to the analysis chamber to check for impurities on the surface under

x-ray photoemission spectroscopy (XPS) survey scan and was confirmed to be clean.

Mounting of the crystal on the sample holder is another important factor to

be taken care of before starting the substrate preparation procedure. The crystal

was circular in our case and was mounted according to a particular crystallographic

direction predetermined (by a notch) on the single crystal. Moreover, the flatness

of the crystal surface was checked ex citu by a pointed laser beam reflection and to

rectify any minor tilt or inclination of the sample surface before insertion into the
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UHV system (or prep. chamber). A flat surface geometry is essential mainly for

ARPES studies.

6.3.2 Calibration of Ni effusion cell

A Knudsen cell (from MBE Komponenten GmbH, Germany) with a BeO crucible

mounted on it was used for evaporation of nickel. The K-cell was able to reach

upto high temperature 2173 K by auto-controlled resistive heating. High purity

(99.995% pure) Ni slugs (from Alpha Aesar) were put inside the crucible to melt

them above the melting point of nickel (1726 K), such that the top surface of melted

nickel inside the crucible becomes flat and maintain equal evaporation rate from all

over the surface. The cell temperature was increased slowly to reach a temperature

just higher than the Ni melting point and immediately cooled down back towards to

lower temperature. After melting of nickel, the cell was calibrated for different Ni

evaporation rates at different cell temperatures and stability of the evaporation rate

at each temperature was confirmed. Cell temperature was measured by a type-C

thermocouple attached with the BeO crucible within the cell. The evaporation

rates were measured by quartz microbalance thickness monitor mounted on a Z-shift

placed at the position of the sample. Different Ni evaporation rates at various cell

temperatures are enlisted in table 4.1, below.

Cell Temperature (K) Ni evaporation rate (Å/ min)
1543 0.13
1553 0.15
1563 0.18
1573 0.26
1623 0.5
1673 2.0
1723 6.0

Table 6.1: Ni evaporation rate at various temperatures of Knudsen cell
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Choosing 1573 K as optimum evaporation temperature, different thickness of

Ni film was grown on top of Ag(001) at room temperature (RT). The thickness of

the film obtained from quartz microbalance thickness monitor was cross checked by

XPS. In figure 6.2, XPS of Ni 2p and Ag 3d peaks are shown at different Ni film

thickness. Figure 6.2 (a) shows the Ni 2p3/2 peak for Ni film thickness 0.2, 1, 2, 3, 4,

6, 8 and 10 ML respectively. The Ni 2p3/2 is visible at 853.2 eV; the Ni 2p satellite

at 6 eV higher binding energy position is also there. In figure 6.2 (b), the gradually

decreasing intensities of Ag 3d5/2 and 3d3/2 are shown. Non-monochromatic Mg

Kα source (1253.7 eV) was used to probe core levels in all cases. Correction for

x-ray satellite and also the shirley background subtraction was performed for each

data. In figure 6.2 (c), both Ag 3d and Ni 2p peak intensities has been plotted

against the Ni thickness in monolayers. The curves can be fitted by formula of type

I∞(Ni)(1-exp(-d/λ)) and I∞(Ag)exp(-d/λ), where d is the film thickness and λ is the

inelastic mean free path in Ni film. Film thickness was converted in to monolayer by

considering 1 ML Ni = 1.77 Å.

6.3.3 Oxidizing Ni/Ag(001): LEED and XPS studies

In figure 6.3, the LEED patterns are shown for the case of bare Ag(001) crystal

[figure 6.3 (a)] and Ni film deposited on it. For bare substrate, the p(1×1) pattern is

sharp and distinct. After deposition of 0.5 ML, the intensity of LEED spots decreases

to less than 50% of its initial value as can be seen in figure 6.3 (b). Figure 6.3 (c)

shows very faint, almost vanishing LEED spots after deposition of 1 ML Ni on top

of Ag(001). No LEED pattern is visible after deposition of 2 ML Ni film. Even after

deposition of higher film thickness, no LEED pattern appeared. The growth of Ni is

not epitaxial on Ag(001) as may be confirmed from our LEED studies according to

expectation where a significant lattice mismatch is there between Ni (bcc, l.c. 3.55 Å)

and Ag (fcc, l.c. 4.09 Å) causing huge strain at the interface. Growth and structure
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Figure 6.2: (a) XPS Ni 2p3/2 peak intensity for deposition of different Ni thickness (in
monolayers). (b) Intensity of Ag 3d under deposition of various Ni film thickness. (c) The
exponentially increasing Ni 2p3/2 intensity and exponentially decaying Ag 3d5/2 intensity
are plotted against Ni monolayers. Chapter 6. NiO: growth, electronic structure
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Clean Ag(001) 0.5ML Ni/ Ag(001) 1.0ML Ni/ Ag(001) 2.0ML Ni/ Ag(001) 

55 eV 55 eV 55 eV 55 eV (a) (b) (c) (d) 

Figure 6.3: Low Energy Electron Diffraction pattern of (a) clean Ag(001) (b) 0.5 ML
Ni/Ag(001) (c) 1 ML Ni/Ag(001), the spots have been encircled to indicate their positions
(d) 2 ML Ni/Ag(001). Electron energy 55 eV.

of Ni on Ag(001) was studied by Caffio et al. [193]. Their STM images showed that

Ni grows on Ag(001) forming three dimensional islands even for a deposition of 0.1

ML. Low energy ionic scattering (LEIS) spectra shows that Ni islands are almost

completely covered by Ag. The non-epitaxial growth of Ni on Ag(001) was reported

by them in accordance with our experimental observations.

After deposition of a 10 ML Ni film (from quartz microbalance calibration) on

Ag(001), the film was exposed to molecular oxygen pressure 5×10−6 mbar for 30

min while the sample temperature was raised up to 473 K. A capillary mounted

on a Z-shift was arranged inside preparation chamber to have a directed oxygen

flow towards the sample surface and to maintain a higher local O2 pressure. At

least the top Ni layers of the film are expected to be oxidized in this process and

a NiO/Ni/Ag(001) superlattice should form. In fact, XPS studies performed on

the sample shows that the Ni 2p3/2 peak is shifted towards 1.7 eV higher binding

energy in the NiO film as result of chemical shifting. Moreover, beside the main

peak (denoted by ‘a’) few satellite peaks (b, c and d) also appear at higher binding

energy position. In figure 6.4, the Ni 2p3/2 peaks are shown both for Ni and NiO

film. Earlier trials to form epitaxial NiO film on Ni(001) single crystals and films

by oxygen adsorption was in vain as reported by different groups [194–196]. Our

LEED observations also does not show any LEED pattern after oxidation of the Ni
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Figure 6.4: XPS Ni 2p3/2 peaks for Ni and NiO film are shown. There is 1.7 eV chemical
shift in the main line due to oxidation. Photon source: Mg Kα (1253.7 eV)

film. Therefore epitaxial growth of NiO film on Ag(001) is not possible through this

process.

6.3.4 Epitaxial growth of NiO at different growth conditions

Deposition of Ni on Ag(001) in oxygen environment resulted in formation of epitaxial

NiO film with good crystalline quality, as pre-claimed by many previous studies

[161,162,164–166,175]. Evaporation rate of nickel was kept below 0.2 Å/min. Nickel

was deposited at various oxygen pressures within the preparation chamber, keeping

the Ag(001) at RT as well as at different elevated temperatures. The duration of

deposition to grow a desired oxide film thickness was calculated from the Ni deposition

rate at quartz microbalance considering the surface density of Ni on NiO(001) film.

The duration of growth of monolayer NiO film was supposed to be 1.4 times than
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Figure 6.5: p(1×1) LEED pattern of 10 ML NiO films deposited on Ag(001) at various
growth conditions. Beam energy 57 eV. Rows stand for three different growth temperatures.
Columns stand for two different oxygen pressure during growth.

the growth of monolayer Ni film. The lattice parameter of 1 ML NiO = 2.088 Å,

followed throughout our experiments.

6.3.4.1 LEED studies

Figure 6.5 shows LEED patterns of 10 ML NiO films grown at different deposition

conditions using primary electron beam energy Ep=57 eV. LEED images are arranged

for three different growth temperatures 300 K, 423 K and 473 K has been shown
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Figure 6.6: The p(1×1) LEED pattern with a zoomed in view of (1,0) spot has been
shown. The mosaic formation due to misfit dislocation has been schematically represented.

along different rows. For each growth temperature, LEED images for two different

oxygen pressures has been presented along the columns. Similar to Ag(001) substrate

a p(1×1) LEED pattern is visible, and no superstructure can be observed. The

LEED spots of the Ag substrate are smaller in size than the LEED reflexes of the

NiO film. For RT (300 K) growth [figure 6.5 (a) and (b)] of 10 ML NiO film the

normal reflexes are surrounded by four additional spots, which are clearly observed

for higher oxygen pressure (7×10−6 mbar). The satellites which are located towards

< 001 > directions can be easily resolved; line profile drawn along perpendicular

to the < 001 > directions over any spot shows minimum FWHM while along the

< 001 > it is streaky. This indicates that domains in the film has small size along

< 001> directions compared to its perpendicular directions. But, lattice mismatch

between the film (NiO) and the substrate (Ag) produces stress at the interface in

case of pseudomorphic films. Thus, dislocations are introduced for films thicker than

a critical thickness to relax the structure and to minimize the energy. For NiO films,

misfit dislocations with {110} glide planes occurs for coverage larger than 5 ML [197]

resulting in mosaic formations within the film. In figure 6.6, the mosaic formation in
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NiO film due to misfit dislocation has been shown with a zoomed in view of (1,0)

LEED spot where the additional four spots are visible surrounding the central spot,

which is similar to th observations of Wollschlager et al. [198]. Mosaic grows and

flattens with increasing film thickness. A post deposition annealing of the film at 573

K in oxygen environment for 30 min results in vanishing of the four extra satellite

spots. Intensity of the additional spots decreases for higher temperature growth also

as can be seen for growth at 423 K and 473 K (see figure 6.5). The temperature

driven lattice vibrations help in reducing the dislocation and defect densities resulting

in the formation of smoother oxide film of higher epitaxial quality. Moreover, oxygen

partial pressure during growth is another important parameter specially at higher

temperatures where the sticking coefficient of oxygen on the surface reduces. For

oxygen pressure of 1×10−7 mbar, the LEED spots are broad, having circular ‘halo’

background with FWHM almost 2.5 times larger than the Ag(001) LEED spots. O2

deficiency in the sample produces defects which affects the Ni to O stoichiometry as

well as the crystalline quality of the sample which is reflected in the broadening of

LEED spots. On the other hand, the epitaxial quality of the oxide film appear to

be better at higher oxygen pressure and therefore growth of good quality NiO film

on Ag(001) at PO2 = 7×10−6 mbar at elevated Ag temperature may be chosen as a

proper growth condition.

6.3.4.2 Ni to O stoichiometry

In figure 6.7, the O 1s to Ni 2p XPS peak intensity ratio has been plotted for different

growth conditions of 10 ML NiO film on Ag(001). The slope of the curves indicate

that oxygen pressure during growth has a greater control on the oxygen to nickel

stoichiometry ratio at higher temperature. At RT (300 K) deposition, the quantity

of oxygen (with respect to nickel) in the sample does not increase significantly

with increasing oxygen growth pressure. But at elevated temperature the sticking
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Figure 6.7: O 1s to Ni 2p XPS intensity ratio for different growth conditions of NiO.

coefficient of oxygen decreases. Therefore, the oxygen deficiency in the sample for

lower oxygen growth pressure (1×10−7 mbar) at 473 K is evident. The oxide film

becomes more and more oxygen enriched when growth pressure is higher and a better

stoichiometry is observed in the sample grown at 473 K. We expect to have even

more oxygen enriched sample at higher oxygen pressure, though we restricted to a

maximum oxygen pressure of 7×10−6 mbar due to technical limitations in the UHV

environment.

6.3.5 XPS: Thickness dependence of NiO film

In figure 6.8 the Ni 2p and O 1s XPS peaks have been shown as a function of film

thickness. Monochromatic Al Kα (photon energy: 1486.6 eV) has been used as the

probing photon source. The features in the Ni 2p spectrum show distinguishable

modulations with film thickness. The core level spectra of NiO is well-investigated.

NiO is a 3d8 charge transfer oxide and its ground state is a mixture of 3d8, 3d9L−1

and 3d10L−2 configurations [199–202], where L−1 represents a hole created in ligand

band. This gives rise to a complex line shape of the experimental spectra when using

spectroscopic techniques, in particular x-ray photoemission spectroscopy (XPS). The
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Ni 2p photoemission peak line shape of NiO shows a multipeaked structure. The Ni 2p

spectra shown in figure 6.8 can be divided into two edges split by spin-orbit coupling,

referred to as the 2p1/2 (870-885 eV) and 2p3/2 (850-869 eV) edges, respectively. the

different multiplet features of the Ni 2p spectrum may be explained in a simplified

manner in the following way. A hole is created in the 2p core level of Ni by the

photoemission process; this state is represented as c−1. This results in strong coulomb

repulsion with the holes in the localized 3d orbital. The lowest energy state will then

be of c−13d9L−1 character which is the main line (feature ‘a’), where L−1 represents a

hole in the ligand band, whereas the ground state is predominantly of 3d8 character.

The satellites at higher binding energies (858-870 eV) can be assigned to unscreened

c−1d8 (feature ‘c’) and screened c−1d10L−2 (feature ‘d’) final states. The spectrum

presents a shoulder shifted 1.5 eV toward higher binding energies from the main

line. The reason behind existence of this peak was unresolved for long time and was

beyond the scope of general cluster models. Therefore a more extended explanation

has been proposed by Van Veenendaal and Sawatzky [203]. They considered clusters

consisting of more than one transition-metal ion. This allows the metal sites and

ligands to interact. A consequence of this is that a core hole can also be screened by

an electron coming from a neighboring NiO6 unit, and does not necessarily have to

come from the ligands at the core-hole site. This type of screening mechanism which

requires at least two sites is referred to as non-local screening. The understanding of

the non-local screening effect has been schematically represented in figure 6.9. In

our XPS data presented here, one can clearly see a layer thickness dependence of the

satellite feature at 1.5 eV, while all other features in the spectrum are well reproduced

and do not significantly depend on the sample thickness. In fact, the main line shape

of Ni 2p spectrum for the case of 0.25 ML NiO is similar to metallic Ni. The non-

local screening satellite appears prominently beyond 1.5 ML film thickness. In the

submonolayer thickness range, the number of neighboring Ni sites for contributing to

the non-local screening effect reduces significantly because of the reduced dimension
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Figure 6.8: XPS Ni 2p and O 1s peak intensity plotted for different film thickness. X-ray
source: monochromatic Al Kα (1486.6 eV).

and symmetry. Therefore, the 1.5 eV higher binding energy satellite feature is not

visible here. Figure 6.9 shows the screening mechanism schematically. After the

creation of a core hole dn −→ c−1dn, the energy of the system can be lowered by

screening the core hole by the electrons from neighboring sites. This yields c−1dn

−→ c−1dn+1L−1. Nonlocal screening involves at least two sites, and is the process

where an electron is transferred from a neighboring NiO6 unit c−1dn; dn −→ c−1dn+1;

dnL−1. In the case of NiO, this yields a local configuration of mainly 2p53d9 character

at the core-hole site and an extra hole 3d8L−1 in a neighboring unit. In connection

with the identification of defect structures, this satellite in the Ni 2p XPS spectrum

has conventionally been assigned to Ni3+ species existing on the surface [204]. The

model proposed by Van Veenendaal and Sawatzky demonstrates that this feature
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Figure 6.9: (Top) Two metal ion sites with a core hole on one site. (Middle) Screening of
an electron from the surrounding oxygen ligands. (Bottom) Nonlocal screening from an
electron from a neighboring unit.

is intrinsic for this compound. The dependence of the satellite intensity on film

thickness can be related to the changes in the local structure around Ni atom, since

the intensity is a result of the interplay between local and intersite screening. As

predicted by the calculations, nonlocal screening is more important for surface than

for bulk atoms. This subtle mechanism also explains why there is no consensus about

the experimental results reported in the literature, since the intensity of the satellite

is an intrinsic function of the local environment and is therefore extremely sensitive

to sample preparation, defects, and surface crystallinity. A gradual shifting of the Ni

2p peak towards the higher binding energy is observed with increasing film thickness.

For the case of O 1s a single peak is observed, which does not have any satellite

structure. This demonstrates that the studied surface of the film is clean, because

oxygen related compounds like H2O or OH groups would give rise to higher binding

energy satellites. This is because the O2− (2p6) band is almost full. Contradicting

observations of Sawatzky et al. [205], we observe a continuous shift of O 1s peak

towards higher binding energy with increasing film thickness.

The binding energy of Ni 2p3/2 and O 1s for different thickness of NiO film has

been shown in figure 6.10 (a) and (b), respectively. Both graphs show increment of
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Figure 6.10: The binding energy position shown for different thickness of NiO film. (a)
Ni 2p3/2 (b) O 1s. Binding energy increases with film thickness for both cases.

binding energy of the characteristic peaks with the film thickness. Shifting of the

peaks is larger at the submonolayer film thickness range and it ceases at a thickness

of 10 monolayer where the peak positions are similar to bulk.

6.3.6 Valence band structure of NiO/Ag(001)

6.3.6.1 Earlier works

Photoemission studies of NiO have played a critical role in understanding the

electronic structure of this prototype compound of the strongly correlated elec-

tron systems [206, 207]. The appropriate description of the electronic structure of

strongly correlated materials has always been an important task in condensed matter

physics [208], especially since the discovery of the cuprate superconductors where the

electron correlations are also found to be very important [209]. The angle-integrated

photoemission studies on NiO has been reported by many earlier research groups.

Detailed studies on the valence and conduction band of bulk NiO has been performed

by Hufner [210–212] by UV and x-ray photoemission and inverse photoemission,
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respectively. More details of the electronic structure of this mono-oxide compound

was provided by Kim [213]. Matsunami and Taguchi et al. [214] have reexamined the

valence-band (VB) and core-level electronic structure of NiO by means of hard and

soft x-ray photoemission spectroscopies and compared their experimental data with

cluster model calculations. The angle-integrated photoemission data of NiO has now

usually been interpreted by the cluster model of the Anderson Hamiltonian where

the translational symmetry is completely ignored [199,205]. On the other hand, the

angle resolved photoemission spectroscopy by Shen et al. [182–184] has revealed more

important aspects of bulk NiO electronic structure. The electronic structure of NiO

has mainly three interesting aspects: the electron correlation effects as a result of the

strong Coulomb (on-site) interaction, the band effect as a result of the translational

symmetry, and the influence of the antiferromagnetic ordering precisely, this is an-

other form of the electron correlation effects and is related with the large Coulomb

interaction). Among these three interesting aspects of the electronic structure of

NiO, the correlation effects due to the large Coulomb U has previously been the most

extensively studied issue. NiO has continuously been at the center of the controversy

between the localized Mott-Hubbard picture and the one-electron band picture for a

class of materials often called Mott insulators, because of its correlated insulating

nature as a result of the large Coulomb U [215,216]. Band theory provides us with

the basic concept of metals and insulators: a metal corresponds to a material which

has a partially filled band, while an insulator corresponds to a material which has a

gap between filled bands and empty bands. However, NiO and other transition-metal

monooxides can not be described by the simple band theory. According to the band

theory, they should be metals but, they are experimentally found to be insulators. In

fact NiO is an insulator with 4.3 eV band gap [205,217]. According to Mott, Hubbard,

and Anderson, the one-electron picture fails to predict an insulating nature for these

oxides is due to the intrinsic limitation of the one-electron approach. Many transition

metal monooxides are insulators because of strong Coulomb interaction among the 3d
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electrons, so that the one-electron approximation breaks down [218–220]. Based on a

simple hydrogen like model, Mott illustrated that the simple band picture breaks

down and a gap opens when the Coulomb interaction energy (U) is larger than the

bandwidth (W) [219]. That is why these transition metal oxides are called ‘Mott

insulators’.

Slater [221], on the other hand, argued that this failure of the one-electron band

theory to predict an insulating ground state was related to certain approximations

in the calculation, but was not because of the band theory itself. He recognized that

a Mott insulator often has an antiferromagnetic order below its Néel temperature;

therefore, this magnetic order should be included in the calculation. This is the so-

called Slater antiferromagnetism approach. In fact, some sophisticated spin-polarized

band calculations gave small gaps for materials like NiO and this was regarded as a

demonstration of the success of the one-electron band theory [222]. However, the

calculations gave a very small energy gap value of 0.2 eV, much lower than the

experimentally obtained value.

To understand the excited state properties of the transition-metal mono-oxides,

photoelectron spectroscopy (PES) was extensively used since few decades [199,205,

223–229]. Sawatzky and Allen, Fujimori and Minami revised the Mott-Hubbard

description of these insulators. In this revised picture, the p-d charge transfer energy

which involves the energy ∆ is considered, as well as the d-d charge fluctuation which

involves the Coulomb energy, U. As a result in case of NiO, the localized Ni 3d band

splits up into two bands, the upper Hubbard band which is empty and the filled

up lower Hubbard band. The oxygen band resides in between the upper and lower

Hubbard band and forms a charge transfer gap with the upper Hubbard band. From

this viewpoint, NiO has been assigned as a charge transfer insulator. This picture of

NiO has been widely accepted with few exceptions [230].
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Figure 6.11: The valence band structure of 20 ML NiO film deposited over Ag(001).
Photon source (a) He Iα (b) He IIα. Bands are shown along Γ to M direction.

6.3.6.2 ARPES studies

In figure 6.11 (a) and (b), the valence band electronic structures of a 20 ML NiO

film are shown for monochromatic photon sources He Iα [hν= 21.2 eV] and He IIα

[hν= 40.8 eV] respectively. The ultraviolet photons, with their limited probing depth,

are unable to probe the substrate [Ag(001)] bands and hence they are quite similar

to the bulk NiO band structure. In figure 6.12, the LDA calculations along with

experimental data by Shen et al. [184] has been shown. The data are presented along

[100] direction [Γ-X] for bulk NiO. Their theoretical calculations were able to explain

the experimental band dispersions reasonably well. Our experimental results in fig.

4.11 for the case of NiO (001) thin film is quite similar to the experimental results

of Shen et al. for the case of bulk NiO crystal along (001) direction. The almost

non-dispersive Ni 3d bands are narrow and lies about 2 eV below the Fermi level,

opening up a gap from the conduction band. This non-dispersive Ni 3d band is well

separated from from the rest of the d bands. Since the antiferromagnetic order is

formed by the magnetic moments at the Ni sites, its effect on the O 2p band is not

much evident. The dispersive feature from 4 to 8 eV is assigned as ∆1, the another
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Figure 6.12: LDA band calculations and experimental data of bulk NiO by Shen et
al. [184] along [100] direction. (a) Non-magnetic calculations. (b) Antiferromagnetic
calculations.

non-dispersive O 2p band known as ∆5; both these ∆1 and ∆5 features are visible in

our experimental data in figure 6.11, in agreement with the LDA calculations by Shen

et al. [184]. According to the off-normal experimental data of Shen et al. an extra

feature is observed at the Γ point in the energy range of ∆5 band which they have

assigned as the folded-back band from the (π/a) <111> to (π/a) <311> direction as

a result of the antiferromagnetic order. Contradicting their observation, we did not

observe any such feature at Γ position [see fig. 4.11 (a) and (b)]. Though in figure 6.11

(a) the oxygen band appears to be broadened at Γ, but not well-resolved. Therefore,

observation of the folded-back band can not be concluded from our experimental data,

with limited photon energy as angular resolution. We observe another feature close

to 8 eV binding energy at Γ position when probed by He Iα [figure 6.11 (a)]. Intensity

of this feature is very weak when He IIα photon source is used. This resembles to the

observation another backfolded band in the antiferromagnetic calculation of Shen et

al. The oxygen 2p bands are heavily hybridized with the nickel 3d bands, therefore

they are strongly influenced by the effect of antiferromagnetic order on the nickel

sites. Another discrepancy between our observations and the data reported by Shen
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et al. [182–184] is that we did not observe any satellite band below the oxygen 2p

bands with the limited photon sources in our laboratory. Since intensity of these

bands are significantly low, resonance photoemission may be able to probe these

bands. As we are probing the surface valence band structure (He Iα and He IIα)

photon sources, discrepancies are expected from the experimental data of Shen et

al. who investigated the bulk band structure of NiO with synchrotron radiation

sources, because there are difference in electron escape depth for different photon

energies. However, the antiferromagnetic phase of the 20 ML NiO/Ag(001) film

was confirmed from low energy electron diffraction (LEED) pattern before and after

photoemission studies. The appearance of p(2×2) half-order spots at lower electron

energy stands for the stability of surface antiferromagnetic order at room temperature

(RT), which will be elaborately discussed in chapter 7 in this thesis. Hence, the

valence band structure probed by our photoemission studies at RT are expected to

be the antiferromagnetic NiO band structure.

6.3.6.3 ARPES: Thickness dependence

The valence band electronic structures of NiO films for different film thicknesses on

Ag(001) are shown in figure 6.13. He Iα (~ω = 21.2 eV) were used as excitation

source. The sp bands of Ag has lower intensity compared to d bands. Therefore

the Ni 3d bands are easily detectable from the very initial stage of 1 ML NiO film

thickness. However, the O 2p bands can not be distinguished clearly before film

thickness of 7 ML. Due to the lower kinetic energy of the photoelectrons coming from

the Ag 4d band at about 5 eV binding energy, the escape depth is higher for the He

Iα photons through the NiO film. Hence, the highest intensity 4d band feature of

the Ag substrate is faintly visible even for a 10 ML thick NiO film. In figure 6.14

the valence band electronic structure of NiO films of various thickness grown on

Ag(001) has been shown, where the ARPES experiments have been performed by
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Figure 6.13: The valence band structures of NiO film deposited over Ag(001) for different
film thicknesses. Photon source: He Iα. Bands are shown at Γ position along M -Γ-M
direction.
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He IIα photon source. With He IIα radiation, the kinetic energy of the electrons of

the Ag d bands are about 31 eV whose escape depth is much less (see inelastic mean

free path vs kinetic energy in chapter 2). So, for He IIα photons, the Ag bands are

much suppressed by 4 ML of NiO and the NiO bands can be clearly observed. The

non-dispersive Ni 3d bands have higher intensity than the O 2p bands. The band

features and their relative intensity variation at different thicknesses can be easily

realized in the spectral mode. In figure 6.15 (a) and (b), the ARPES line profiles

drawn at Γ position are shown for NiO(001) films grown on Ag(001) for different

film thicknesses for He Iα and He IIα photon energies. The high intensity feature

at 5.1 eV binding energy position as can be seen in figure 6.15 (a) is due to the

presence of Ag 4d band which decreases in intensity for higher NiO film thickness.

Both in figure 6.15 (a) and (b), there are mainly four features. The features ‘a’ and

‘b’ corresponds to Ni 3d band whereas ‘c’ and ‘d’ are supposed to be O 2p band. The

relative intensity variation of these features for different photon energies are notable.

Another interesting observation is the presence of states [encircled by rectangles] at

the Fermi level for 1 and 2 ML film. Theses states does not appear for film thickness

beyond 4 ML. These states, as demonstrated by earlier studies appear from the

interfacial first Ni layer at the close vicinity of Ag. Yang et al. [231] has performed

photoemission studies on NiO film deposited on Ag(100) at 450 K within ultrathin

film thickness range and observed appearance of these states at EF by probing the

sample at different photon energies. Cheng et al. [185] has deposited 1.2 ML NiO

films both at RT and 453 K. Their photoemission results shows existence of states at

Fermi level for the high temperature prepared film but the RT grown film does not

posses these states. They concluded that there must be segregation of metallic nickel

at the subsurface region of Ag substrate which contributes to these states at Fermi

level. Hence they proposed that good quality epitaxial growth of NiO on Ag(100) is

preferred at RT rather than high temperature with less unreacted metallic Ni. DFT

calculations by Cinquini et al. [232] has proposed a model of stoichiometric 1 ML
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Figure 6.14: The valence band structures of NiO film deposited over Ag(001) for different
film thicknesses. Photon source: He IIα. Bands are shown at Γ position along M -Γ-M
direction.
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Figure 6.15: Line profiles drawn at Γ position for bare Ag(001) and different thickness of
NiO film. Photon energy: (a) He Iα (b) He IIα.

NiO overlayer supported by Ag(100) substrate contributes to states at EF . Their

DOS calculation shows that both Ni and O atoms of the first (interfacial) NiO layer

contributes to this state, whereas 2nd or 3rd layer on top of this interfacial layer

behaves quite bulk-like having no such states close to EF . They found that a free

(no substrate) NiO layer has no such states and they concluded that the first NiO

layer adhere to the substrate with a covalent bond which contributes to the DOS at

Fermi level. This DOS calculations is a direct proof that incorporation of metallic Ni

segregation is not required to explain the states at EF .

6.3.6.4 ARPES: Temperature dependence

The large on-site coulomb interaction between the d electrons in NiO results in

localization of these electrons yielding an insulating behavior of this material. It is

also expected that the valence band structure of this transition metal mono-oxide
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Figure 6.16: ARPES line profiles drawn at Γ position for NiO(001)/Ag(001) film at
different sample temperatures. Photon energy: He Iα. Film thickness 20 ML

will be affected by the intrinsic magnetic ordering below Néel temperature [TN ].

Density functional theory (DFT) based on local density approximation (LDA) often

include the fact that the transition metal oxides, as NiO and others, are magnetically

ordered, and predict drastic changes in the band structure at the magnetic phase

transition. This makes it highly interesting to perform photoemission experiments

on NiO above and below the Nèel temperature in order to investigate the effect of

the magnetic ordering on the electronic structure. In figure 6.16, the ARPES line

profiles drawn at Γ position for different film temperature are shown, all the data

are collected for NiO film thickness 20 ML. Our photoemission data represents no

significant changes in the electronic structure, though there exists minor temperature

dependence of the corresponding features. We observe relative intensity changes of

the four observed features at various temperatures. The another significant thermal

modulation of the band structure is that the features ‘c’ and ‘d’ becomes well resolved

at higher temperature. No significant modulation in the band dispersion or evolution
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of new band was observed except thermal broadening of the bands. A very faint state

appears gradually close to EF with increasing film temperature, which is the result of

creation oxygen vacancy defect at higher temperature. This result has two possible

explanations. One is that local magnetic ordering or the short-range magnetic

correlations persists even above the transition temperature within the paramagnetic

phase whose correlation length scales are more than the photoemission correlation

lengths. The other situation is that the magnetic ordering has no or little effect

on the electronic structure of NiO eventhough this is unexpected from the present

theoretical understandings. Further detailed analysis of the experimental results will

be required to come to a conclusion on these issues. Similar conclusions were reached

by Tjernberg et al. [233] when they performed photoemission studies on NiO single

crystal at different temperatures and failed to observe any significant changes in

the electronic structure. Experiments on the NiO single crystals were complicated

by the charging effects as well as the surface cleaving effects. Our experiments on

the high quality epitaxial thin films show that the absence of significant changes in

the electronic dispersions within the AFM phase as well as in the PM phase is an

intrinsic effect. The most likely scenario is expected to be the role of short-range

magnetic fluctuations persistent within the PM phase with larger correlation length

than that of the photoemission process itself.

6.3.6.5 ARPES: Photon energy dependence

The Ni 3d and O 2p bands responds differently for different probing photon energies

due to their variation of photoemission cross-sections. The UPS and XPS valence

band spectra are shown in figure 6.17 for He Iα (~ω = 21.2 eV), He IIα (~ω = 40.8

eV) and Al Kα (~ω = 1486.6 eV) photon energies, respectively. It shows that the

XPS spectrum gives rather a good representation of the d states whereas the He

Iα UV source represents the O 2p states better. Energy resolution of the spectra
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Figure 6.17: UPS and XPS to probe the valence band electronic structure of 20 ML NiO
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photon source.
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are better for UV sources as per expectation. The XPS VB spectra shows a hump

at 10 eV binding energy position. For long time is was believed to originate due to

impurities or adsorption on the surface. But later it was assigned as d7 VB satellite

feature which is intrinsic to pure NiO sample.

6.4 Conclusion

In short, this chapter describes the procedure of NiO epitaxial growth on top of

Ag(001) substrate and characterization of its electronic structure. LEED is used to

obtain a qualitative idea about the crystalline order at the sample surface. The valence

bands are excited via monochromatic UV (He Iα and He IIα) photon sources where

ARPES technique is used to reveal band dispersions and also using monochromatic

x-ray (Al Kα) source using XPS technique. The Ni 2p and O 1s core levels are

also probed by x-ray photons. The dependence of electronic structures on the

film thickness, stoichiometry, probing photon energy and sample temperature are

described in this context.
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Magnetic structure of epitaxial NiO film

7.1 Introduction

Ferromagnetic materials at reduced dimensions have been a topic of immense interest

due to their relevance both in fundamental physics as well as in technological

applications connected with digital data storage and spintronics, such as reading

heads and sensors, high density storage media, magnetic random access memories,

spin-valves etc. The low co-ordination number, reduced symmetry, strain induced by

mismatched substrates, the possibility to stabilize metastable states, and the presence

of interfacial or surface states can profoundly alter the electronic and magnetic

properties of thin films or surfaces with respect to the bulk, with the possibility to

induce new magnetic behaviors in a controlled way. Transport properties of multilayer

structures where ferromagnetic layers are separated by non magnetic (NM) spacers

are affected by spin-dependent electron confinement and spin filtering, leading to

oscillating magnetic coupling and giant magnetoresistance.

On the other hand, investigation of the magnetic properties of antiferromagnetic

materials, thin films, interfaces and surfaces has got comparatively much less scientific

A part of this work has been published in Physical Review B, 84, 132402 (2011).
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attention mainly because of the limited number of available experimental techniques

that are sensitive to the antiferromagnetic properties of surfaces and ultrathin films a

well as of systems confined over a nanometric length scale. However, the phenomena of

exchange bias in a heterogenous system, where a FM material (films/ overlayers) interacts

with an antiferromagnetic material (film or substrate), have aroused a great scientific as

well as technological interest in the study of antiferromagnetic systems. It is by now widely

accepted that the key to understanding this intriguing phenomena is the antiferromagnetic

spin structure and in particular, the dynamical changes occurring not only at the AFM-FM

interface, but also over deeper layers away from it. Nevertheless, the investigation of

the effective role of the antiferromagnetic spin structure is a very hard task due to the

great difficulty to experimentally unravel and control complex AFM domain patterns.

However, in the last few decades, experimental techniques able to yield information about

the magnetic structure of antiferromagnetic thin films and interfaces have been refined.

Among them, X-ray Magnetic Linear Dichroism (XMCD) [234, 235] has represented a

unique tool since it combines the orbital and elemental selectivity typical of a core-level

spectroscopy together with the possibility to extract ground state magnetic properties as

the AFM anisotropy and AFM easy axis direction.

The late 3d transition metal monoxides (MnO, FeO, CoO, NiO) are particularly

important thanks to their appealing properties such as the relatively high Néel temperature

(TN ), the chemical and mechanical stability, low lattice mismatch with respect to the

corresponding FM metals and their alloys, and the large electronic gap. Insulating AFM

materials, in fact, have the advantage that the indirect exchange interaction due to

conduction electrons is ruled out. Thus, they can be, considered as model systems since one

would expect that their magnetic properties are determined only by direct nearest neighbor

exchange across the AFM film and at the FM-AFM interfaces. In addition, insulating

materials can find applications in giant magnetoresistance tunneling devices.

Below TN , the ordered moments are oriented along certain directions with respect to

the crystallographic axes due to the presence of anisotropy in a solid. Above TN , this

long range order vanishes within the paramagnetic phase. The most common anisotropy
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Figure 7.1: Collinear arrangement of magnetic cations in a rocksalt monoxide. A domain
with (111) ferromagnetic sheets and moments parallel or antiparallel with the (211) direction
is shown.

in these materials is magnetocrystalline anisotropy, which originates due to the spin-orbit

interaction. Magnetocrystalline anisotropy biases the moments to lie along easy axes, for

which the system energy is reduced to a minimum. The other terms that contribute to the

total energy of the AFM materials is the magnetoelastic energy. Formation of magnetic

domains in magnetic materials is natural in order to reduce the total energy. In the case

of ferromagnetic materials, the magnetic domain formation is strongly determined by

the magnetostatic energy [236,237]. However, the occurrence of magnetic domains in an

antiferromagnetic material, such as in Nickel Oxide (NiO), is not very obvious due to its

magnetically compensated nature. There is hardly any contribution from the magnetostatic

energy term and in such case, weaker magnetoelastic energy term becomes important.

Thus, magnetic domain pattern and easy axes in an antiferromagnet are determined by

magnetoelastic, short-range dipolar and magnetocrystalline energy contributions to the

total energy. The magnetoelastic energy arises from an interaction between moments and

the mechanical strain of the lattice and is defined to be zero for an unstrained lattice [236].

The antiferromagnetic domains are described by antiferromagnetic vectors or spin-axes

(order parameter). Above their Néel temperature TN , MnO, FeO, CoO and NiO have a
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rocksalt crystallographic structure. Below TN , magnetostrictive effects deform the CoO

crystal structure to tetragonal symmetry, while the other three compounds undergo a

rhombohedral deformation [238]. In these oxides, the superexchange coupling acting along

1800 metal-oxygen-metal bonds [239] imposes the magnetic moments of second-nearest

neighboring cations to be antiparallel. The fcc lattice formed by the cations can be thus be

viewed as a combination of four simple cubic sublattices. In each sublattice, the moments

are forced by superexchange to align ferromagnetically within (111) planes, while adjacent

(111) planes are coupled antiferromagnetically. The superexchange interaction does not

couple the magnetic moments of cations in different simple cubic sublattices since these are

connected by 900 oxygen bonds. The relative orientations of the four lattices with respect to

each other and to the crystallographic axes are instead imposed by anisotropic interactions

such as, for example, the magnetic dipole-dipole interactions and the magneto-crystalline

interactions [240,241]. The resulting magnetic ordering is characterized by AFM domains

in which the moments form FM sheets in one of the four equivalent (111) planes. The FM

sheets then stack up in AFM order as shown in figure 7.1, giving a magnetic arrangement

known as type II AFM order.

7.2 Background works

Unlike ferromagnetic surfaces, magnetic properties of antiferromagnetic surfaces have been

poorly studied, due to lack of surface sensitive experimental techniques capable to determine

surface antiferromagnetic order. X-ray magnetic linear dichroism (XMLD) measurements,

which reflect the linear polarization dependence of X-ray absorption spectrum (XAS),

have been successful in studies of surface antiferromagnetism in the last few decades

or so [242–256]. Nickel oxide (NiO) is a prototypical system used for the studies of

antiferromagnetism and its bulk antiferromagnetic domain structure is well known from

early neutron diffraction and X-ray topography experiments [257, 258]. Many works

have been performed on the surface magnetism of bulk NiO crystal. Antiferromagnetic

domain structures of a NiO(100) surface have been observed using a combined method

of photoelectron emission microscopy (PEEM) and soft-X-ray linear dichroism (LD) at
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an O K edge by Kinoshita et al. [259]. A lot of studies on the surface magnetic domains

of bulk NiO(001) has been has been reported by Ohldag et al. [247,260]. Strain-induced

nonequilibrium magnetoelastic domain structure and spin reorientation at NiO(100) surface

has been studied by Mandal et al. [261].

NiO films grown on suitable substrates [like Ag(001) and MgO(001)] has also been

studied for magnetic investigation. X-ray linear dichroism (XLD) reports by Wu et

al. [262] show that antiferromagnetic spins an in-plane spin-reorientation transition from

parallel to perpendicular to the step edge direction with increasing the NiO film thickness

when a vicinal Ag(118) is used as substrate. Stöhr and his group [254] has used XMLD

spectromicroscopy for imaging the antiferromagnetic structure of NiO(100) film surface

grown on MgO(001) substrate. Spanke et al. [263] has deposited ultrathin NiO films on

Ag(001); photoemission images were collected using the Ni 3p photoemission line to probe

magnetic domains with a lateral resolution of 150 nm. Altieri et al. [245] have shown

that Ni L2 XMLD is fully reversed for NiO(001) films on materials with reversed lattice

mismatch.

Another interesting aspect of studying magnetism of antiferromagnetic surface is to

investigate its interaction with ferromagnetic material and hence the FM-AFM interface.

By using such an interface, it is possible to ‘pin’ the direction of the FM layer magnetization

via unidirectional exchange bias and to create a magnetic reference layer [264, 265]. Using

soft x-ray spectromicroscopy, Ohldag et al. [266] have shown that NiO(001) exhibits a

crystallographic and magnetic domain structure near the surface identical to that of the

bulk. Upon Co deposition, a perpendicular coupling between the Ni and Co moments is

observed that persists even after formation of uncompensated Ni spins at the interface

through annealing. Scholl et al. [267] presented evidence for the creation of an exchange

spring in an antiferromagnet due to exchange coupling to a ferromagnet. X-ray magnetic

linear dichroism spectroscopy on single crystal Co/NiO(001) shows that a partial domain

wall is wound up at the surface of the antiferromagnet when the adjacent ferromagnet is

rotated by a magnetic field.
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Neutron diffraction has been used to obtain valuable information on the AFM order [268],

but the lateral resolution of this technique is still limited to few micrometers [269]. Among

laboratory-based microscopic techniques, spin-polarized scanning tunneling microscopy

(SP-STM) [270] and magnetic exchange force microscopy [271] are mentionable for their

good enough resolutions for magnetic domains imaging. Although threshold photoemission

electron microscopy (PEEM) has been successfully employed to study FM domains [272],

the observed contrast in AFM systems has not been attributed to a magnetic origin [273].

With the development of ultrabright synchrotron sources, several imaging methods come

to fruition either using x-ray magnetic linear dichroism (XMLD) spectroscopy contrast

[253, 255, 256, 263] or directly probing the magnetic order [274]. Nowadays, the XMLD-

PEEM is a widely used technique for AFM imaging, because it provides element specificity,

high lateral resolution, and the ability to image surface and buried interfaces. With the

imminent advent of aberration corrected instruments [275, 276], PEEM at the state of

the art promises to embrace the nanometer scale, but its progress in lateral resolution

might be limited by blurring effects due to the strong Coulomb interaction between

photoelectrons [277].

In this chapter, we demonstrate the power of the electron microscopy method for

imaging surface AFM domains using the observed half-order spots in the low-energy

electron diffraction (LEED) pattern of the NiO(100) surface, in a standard low-energy

electron microscope (LEEM) [278]. The origin of these half-order spots has already been

established as resulting from coherent exchange scattering of electrons from the AFM surface

of NiO(100), in the late sixties, by Palmberg et al., [141]. They are directly correlated to the

surface antiferromagnetism as they disappear above Néel temperature (TN ). Temperature-

dependent variation of their intensities has been subsequently exploited [279] to investigate

the surface antiferromagnetism at the macroscopic scale. Our approach uses the AFM-

induced half-order diffraction beams in the darkfield (DF) operation mode of a LEEM

instrument (shortly, AFM-LEEM) to image surface AFM domains.
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7.3 Magnetic structure of NiO

7.3.1 Twin and Spin domains

We focus in this chapter on the evolution and growth of AFM domains in NiO film with

increasing film thickness using two techniques, XMLD-PEEM and AFM-LEEM and discuss

the correlation between the magnetic and the structural domains in this context. Before

we come to the case of thin film, let us direct our attention to NiO bulk single crystal. The

AFM superexchange interaction of the Ni-O-Ni bonds along the <100> directions leads to

the formation of FM-ordered 111 panes, where spins in the adjacent 111 planes align in

the antiparallel direction, as shown in figure 7.1. Owing to the magnetostriction caused

by AFM ordering, the NiO crystal consists of many twinned crystals for temperatures

below TN . This crystallographic twinning leads to four different domains, i.e., the so-called

twin domains (T domains), with four different contractions along the (111) axes. In figure

7.2 the four T domains of NiO crystal are shown. Due to the superexchange interaction,

the three different [100] axes are defined as the intrinsic antiferromagnetic propagation

axes in NiO; because along these directions the spins of the adjacent atoms are opposite

to each other. Unfortunately, the magnetic symmetry of the fcc nickel sublattice is not

yet determined by the intrinsic antiferromagnet propagation axes in the rock salt crystal

because the [100] directions do not represent a set of basis vectors in a fcc type lattice. For

an unambiguous characterization of the magnetic symmetry the spin order along the [110]

directions has to be defined. The [110] directions are the AFM axes corresponding to each

T domains. Within a (111) ferromagnetic plane, the Ni moments can point along three

different <112> directions such as [211], [121] and [112]. They forms the Spin (S) domains

in each T-domains. So there are four T-domains in NiO, and for each T-domain there are

three S-domains. Therefore there are totally 12 AFM-domains in NiO. In table 5.1 the

T-domains and the corresponding AFM axes and the S-domains for each T-domains are

shown.
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(d) 

]211[

]121[

]112[

Figure 7.2: (a) The antiferromagnetically ordered (111) planes are shown. (b) The T1
and T3 planes. (c) The T2 and T4 planes. (d) Three spin directions that give rise to spin
domains within a single twin domain.

Name FM plane AFM axes S-domain
T1 (111) [110] [101] [011] [112] [121] [211]
T2 (111) [110] [101] [011] [112] [121] [211]
T3 (111) [110] [101] [011] [112] [121] [211]
T4 (111) [110] [101] [011] [112] [121] [211]

Table 7.1: The possible (T)win and (S)pin domains in NiO

7.3.2 The real and reciprocal lattice

As can be seen in figure 7.2 (a), the ferromagnetic (111) Ni planes are antiferromagnetically

aligned along <111> directions. Therefore, the <111> directions may be assigned as

intrinsic AFM directions in NiO crystal. The (111) planes of Ni atoms are shown in figure

7.3, where the up-spin and down-spin Ni atoms are indicated by filled and blank circles

respectively. The oxygen atoms may be neglected during this discussion. The <111>

direction has been assigned as x-direction while the orthogonal direction is denoted as

y-direction. The y-axis hence lies in the FM Ni (111) plane. Along x-axis, the magnetic

lattice parameter (magnetic unit cell represented by light pink rectangle) is double than the

chemical lattice parameter (structural unit cell represented by dark pink rectangle) in real

lattice as shown in figure 5.3 (a). With this configuration in the real lattice let us focus on

the reciprocal lattice. Some extra lattice points, as indicated by red dots along kx appears
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(a) (b) 

Figure 7.3: (a) The antiferromagnetically ordered (111) planes in real lattice. (b)
Appearance of extra spots in reciprocal lattice.

at the exact middle of two reciprocal lattice points. Therefore, the effective magnetic lattice

parameter along x axis becomes half of chemical lattice parameter. The red dots are visible

as ’half-order’ spots in low energy electron diffraction pattern. Half-orders along <111>

can be understood considering the T1/T3 domains of figure 7.2 (b). Whereas along ky, no

such change in lattice parameter is observed. Half-order spots along ky direction can be

realized considering the T2/T4 (T)win domains as shown in figure 5.2 (c). Further details

of half-order spots and the contributions from different (T)win domains to the formation of

half-orders will be discussed further in context of AFM-LEEM imaging later in this chapter.

The detailed description of the different T domains and the occurrence of half-order spots

for different T-domains can be found in the Ph. D thesis of Dr. Suman Mandal [38].

7.4 Technical Details:

The experiments were carried out with the spectroscopic photoemission and low energy

electron microscope (SPELEEM) [280] at the Nanospectroscopy beamline of Elettra syn-

chrotron laboratory (Trieste, Italy). The AFM-LEEM measurements were performed in

the Dark Field (DF) operation mode of the microscope, selecting individual NiO(100)

half-order diffraction spots by means of a 20 micrometer contrast aperture. Corresponding

XMLD-PEEM measurements were obtained by measuring the ratio of PEEM images

between two Ni L2-edge multiplet peak positions [253] and O K-edge energy positions [259].
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Commercially available NiO single-crystal cubes were ex-situ cleaved and introduced to

the microscope for experiments [38]. For the growth of NiO(001) thin films, an Ag(001)

substrate was prepared by standard surface science methods i.e. an ion beam sputtering

followed by high temperature annealing as mentioned in earlier chapters. Ni was evaporated

from an e-beam evaporator at a rate of 0.2 ML/minute under oxygen partial pressure of

5×10−7 mbar on Ag(001) kept at 473 K in the microscope chamber. After deposition each

film has been annealed in oxygen environment at 573 K for 30 min and then slowly cooled

down to RT (300 K) in same oxygen pressure. This procedure helps in formation of good

quality oxygen rich NiO film.

The SPELEEM microscope used for the experiments at the Nanospectroscopy beamline

of Elettra synchrotron laboratory (Trieste, Italy), combines into a single instrument LEEM

and energy-filtered XPEEM, reach a lateral resolution of about 10 nm in the LEEM

mode and about 30 nm in the PEEM mode. For the AFM-LEEM experiments, the best

performance in imaging was achieved by aligning the half-order spots to the optical axis

of the microscope with a deflection of the incident e-beam. Bandpass energy filtering

(0.6 eV for single crystals and 0.3 eV for thin films) was used to remove the secondary

electron background. In order to counteract image degradation due to sample drift, all

images presented here were obtained by averaging a drift corrected series of consecutive

images with maximum single exposure time of 30 seconds. NiO films grown on Ag(001)

crystals cleaned by sputter and anneal cycles were mounted on the sample holder and were

introduced to the microscope for experiments which operates under ultra high vacuum (1

x 10−10 mbar). No charging effects were observed even during the experiments on single

crystal NiO(100)surfaces as surface defects and dislocations provided sufficient conductivity

to the surface. During the growth of NiO(001) thin films, growth rate and film thickness

were measured by monitoring intensity oscillations in LEEM and LEED.

7.5 Experimental Details

Chapter 7. magnetic structure: NiO film



7.5. Experimental Details 194

Figure 7.4: Schematics of the AFM-LEEM method for imaging AFM domains of
NiO/Ag(001). Unpolarized electrons from the electron gun are elastically backscattered by
the ordered AFM surface lattice producing half-order diffraction beams. The dark-field
images, formed by the electrons originating from the half-order beams, display contrast
due to the surface AFM domains. Three different colors (yellow, green and blue) represent
different types of domains.

7.5.1 Antiferromagnetic Low Energy Electron Microscopy

(AFM-LEEM)

Low energy electron microscopy has always been a fruitful technique for imaging sample

surfaces, structures and morphologies [278,281]. We have extrapolated the use this technique

for imaging surface magnetic domains of antiferromagnetic sample. A significant number

of studies on magnetic domains of NiO(100) single crystal has been already reported by

our group [109, 282]. Figure 7.4 sketches the general concept behind the AFM-LEEM

technique. A single half-order diffraction beam is selected so that the LEEM image will

show only the sample regions that contribute to the selected spot. The much reduced

probing depth (0.2-0.5 nm) of low-energy electrons [283] enables us to explore the top-layer

AFM domain structure. Along with the spatial resolution (∼10 nm) this makes our method
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complementary to the already existing antiferromagnetic domain imaging techniques such

as XMLD-PEEM and SP-STM. Rigorous studies have been performed on NiO films of

four different thickness 6, 18, 40 and 60 ML films. At each thickness, AFM-LEEM and

XMLD-PEEM techniques have been applied to image their antiferromagnetic domains.

Bright filed imaging have been performed using the specular beam to observe the structure

and morphology of the film surface. In figure 7.5, the LEED pattern of a 60 ML NiO

film deposited over Ag(001) has been displayed (centre image) at electron beam energy

31 eV. With the first order integer spots, four extra (1/2,0) spots are visible at p(2×2)

symmetry positions. Intensity of these spots are much weaker, 2-3% of the integer order

intensity. Origin of these weak intensity spots is the doubling of the magnetic unit cell in

NiO with respect to the chemical unit cell as explained in figure 7.3. The weak exchange

interaction of the antiferromagnetically ordered Ni moments with the impinging slow (low

energy) electrons is responsible for the evolution of these spots [109, 141]. With the help of

a contrast aperture when these half-order spots are selected to image the sample surface,

regions responsible for the creation of these half-orders are illuminated.

In figure 5.5 (a), (b), (c) and (d), the antiferromagnetic domains of the 60 ML NiO films

are shown when viewed through (0,1/2), (1/2,0), (-1/2,0) and (0,-1/2) half-order spots,

respectively. The antiferromagnetic domains morphologies appears to be fractals with their

random shape and sizes. In each image, there are three different contrasts visible, the

bright, light brown and dark brown domains. A closer observation reveals that the bright

domains visible in figure 5.5 (a) turn light brown in figure 5.5 (d) and the bright domains

visible in figure 5.5 (d) turn light brown in figure 5.5 (a). Similarly, the bright domains in

figure 5.5 (b) are light brown in figure 5.5 (c) and vice-versa. Apparently there are three

different types of domains [38,109]. The existence of four different (T)win domains can only

be realized after addition of different images and comparing their contrast. In figure 7.6 the

same zoomed in portion of the AFM-LEEM images has been presented as viewed through

different half-order spots. In figure 7.6 (a) the AFM domains viewed through (0,1/2) spot

is presented. Similarly figure (b), (c) and (d) represents AFM domains viewed through

(1/2,0), (-1/2,0) and (0,-1/2) spots respectively. The sum of image 5.6 (a) and (d) is figure
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(-1,0) 

(0,1) 
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(0,0) 

(a) (b) 

(d) (c) 

Figure 7.5: The LEED pattern of 60 ML NiO/Ag(001) film at 31 eV beam energy has
been displayed at the center. Four p(2×2) half-order spots are visible. Their coordinates are
denoted as (0,1/2), (1/2,0), (-1/2,0) and (0,-1/2). The AFM-LEEM images corresponding
to each half-order spot are displayed in figure (a), (b), (c) and (d) respectively.
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60 ML  

(a) 

(d) 

(b) 

(c) 

(0,1/2) 

(0,-1/2) (-1/2,0) 

(1/2,0) 

(0,1/2) (0,-1/2) 

(-1/2,0) (1/2,0) + 

+ 

(e) 

(f) 

Figure 7.6: The LEED pattern of 60 ML NiO/Ag(001) film at 31 eV beam energy has
been displayed at the center. Four p(2×2) half-order spots are visible. Their coordinates
are denoted as (0,1/2), (1/2,0), (-1/2,0) and (0,-1/2). A feature has been encircled by blue
boundary to its contrast in different images when viewed through different half-order spots.

(f); whereas figure (e) is the result of summation of image (b) and (c). Now, as we focus on

figure 5.6 (e) and (f), it is evident that they have opposite contrast, which mean the bright

region of image (e) appears dark in image (f) and vice-versa. Looking at figure 5.6 (e) and

(f) it appears that there are two different types of domains, bright and dark. However, each

of these bright and dark domains behave differently (i.e. have different contrast) when

viewed through different the half-order spots. This proves the existence of four (T)win

domains in NiO film. It is worthwhile to mention that unpolarized electron diffraction can

not probe the (S)pin domains as they are not sensitive to the antiferromagnetic spin axes.

In figure 7.6 (a), within the region encircled by the blue line, some part is bright and

the rest of the domains are light brown. This happens because there are contributions

from different (T)win domains. If the bright portion represent T1 (or T2) domain then

the light brown portion must be contribution from T3 (or T4) domain. This concept will

be clear from figure 7.7, which shows that the half-order spots in the x-y plane are the

summation of projections from the half-order lattice points at different kz position in the
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(a) (c) 

(b) (d) 

Figure 7.7: (a) The T1 and T3 domains/planes, (c) The T2 and T4 domains/planes, in
real lattice. (b) The reciprocal lattice of figure (a) showing the T1 and T3 axes, (d) The
reciprocal lattice of figure (c) showing the T2 and T4 axes, on which the 3D half-order
lattice points are shown at exact middle of two integer order lattice points.

3D reciprocal lattice. In figure 7.7 (a) the T1 and T3 twin domains, which are basically

the FM (111) and (111) planes, are shown. Along these two crystalline directions, the FM

planes are antiferromagnetically ordered, as already discussed before. The 3D reciprocal

lattice of this structure is displayed in figure 5.7 (b). The dotted yellow line which is the

T1 axis corresponds to the T1 planes in real lattice, similarly the red line corresponds to

the T3 planes. In the three dimensional reciprocal lattice, the yellow and red spheres on

the yellow and red dotted lines respectively indicates the existence of three dimensional

half-order lattice points. Their coordinates are assigned as (1/2,0,-1/2) [-1/2 is indicated

as 1/2 in figure 7.7] etc. in the 3D reciprocal lattice. In the LEED pattern of NiO film,
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we observe p(2×2) half-order spots which are basically projections of the 3D half-order

spots in the reciprocal unit cell. The central (0,0) LEED spot which is the specular beam

is marked as ‘∗’ and the half-order spots are indicated as ‘+’. Now it is evident that the

(1/2,0) spot of figure 5.7 (b) is the result of projection from two bulk half-order spots

with different kz values which corresponds to T1 and T3 twin domains. As we shall see

in a different section of this chapter, the electron energy dependence of different (T)win

domains (figure 5.11) makes the contribution from T1 domain (yellow spot) to be larger

than the T3 domain (red spot). Therefore, in the SPELEEM microscope if the (1/2,0) spot

is chosen by the contrast aperture to image the sample, one may expect the illuminated

regions to be T1 and T3 domains. But, since there is difference between contributions

from them (T1 has greater contribution compared to T3), the illuminated regions will have

two different contrast. Similar is the case for T2 and T4 domains as shown in figure 7.6

(d). These two different contrasts (‘bright’ and ‘light brown’) are visible in figure 7.6 (a)

where the bright regions are contribution from T2 domains and the light brown regions

are contributed by the T4 domains. Their contrast gets reversed when viewed through

the half-order spot at orthogonal position which is (0,-1/2) as can be seen in figure 7.6

(d). These can also be explained from the schematic of figure 7.7 (d) where the relative

position of the violet and green spots changes along the kz axis at orthogonal coordinates.

Therefore their projected contributions are also reversed, hence the light brown domain

becomes bright and vice-versa.

Same thing is true for a 6 ML NiO film as shown in figure 7.8. In figure (a), the

AFM-LEEM image of a 6 ML NiO film is shown with field of view 1 µm. A line profile

is drawn over few tiny nanodomains, the profile plot has been shown in figure (b). The

FWHM shows that average domain size of these domains is about 20 nm. A square has

been drawn on image (a). The zoomed in portion encircled by the square has been shown

in figure (c), (d), (e) and (f) for different half-order spots. Addition of figure (c) and (d)

results into image (g) whereas image (h) is the result of summation of image (e) and (f)

respectively. All the four images as viewed through the four half-order spots are added

together to obtain the image (i). Image (j) is the bright-filed image of the sample surface
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Figure 7.8: (a) AFM-LEEM image of the magnetic nanodomains of a 6 ML NiO film.
(b) Line profile plot drawn over the domains shows average domain size to be 20 nm. (c),
(d), (e) and (f) are same zoomed in portion of figure (a) viewed through (0,1/2), (0,-1/2),
(1/2,0) and (-1/2,0). (g) Addition of image (c) and (d). (h) Addition of image (e) and (f).
(i) Addition of image (c), (d), (e) and (f). (j) Bright field image viewed through the (0,0)
spot.

(as viewed through the specular (0,0) spot). Image (i) and (j) appears to be very similar,

(though not same). Where image (j) represents the physical domains image (i) represents

the sum of all the contributing magnetic domains which should be equivalent to the physical

domains.

7.5.1.1 AFM-LEEM: Thickness dependence

As mentioned earlier, all the studies have been performed for four different film thickness i.e.

6, 18, 40 and 60 ML NiO films deposited epitaxially on Ag(001). Clearly the domains are

fractal-like. Their evolution with film thickness can be realized from figure 7.9. For 60 and

40 ML films, well-defined domains are evidenced in AFM-LEEM images. For thinner films

(18 down to 6 ML), AFM-LEEM shows the presence of AFM domains at the length scale of

the crystalline granularity. We observe that during the initial stages of growth, nanoscale

monodomain grains are nucleated in the thin films. Increasing further the film thickness,

the AFM domains grow in size and coalesce to form bigger domains with fractals-like

shapes. In figure 7.10, a graph has been plotted comparing the domain perimeter vs. area
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6 ML 18 ML 

60 ML 40 ML 

AFM-LEEM 

Figure 7.9: The magnetic (Twin) domains of NiO films of different thickness (6, 18, 40
and 60 ML) probed via AFM-LEEM technique. The same half-order spot (1/2,0) has been
used for all the cases. All the images are collected at RT.
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Figure 7.10: The area vs. perimeter plot for the fractal domains probed by AFM-LEEM
in case of 6 ML and 60 ML NiO film.

for 6 ML and 60 ML NiO films. At lower film thickness (6 ML) the nanodomains are mostly

circular in shape. As the film thickness increases domains coalesce and forms random

fractal structures and their shape deforms from circular nature. The green straight line

data points in figure 5.10, indicate to the areas of circles corresponding to the perimeters

along the x-axis. Clearly, for the case of 6 ML film most of the domains are tiny and of

circular nature whereas in case of 60 ML film a significant number of domains are deviated

from circular shape and are fractal-like with random shapes.

7.5.1.2 Beam energy dependence of Twin domains

The electron beam energy dependence of the intensities of (T)win domains represents their

kz dependence in the reciprocal lattice. In figure 7.11 (a) and (b), AFM-LEEM images

of the same magnetic domains shown for two different beam energies 23.5 and 30.5 eV,

respectively viewed through a single half-order spot (0,1/2). Different types of (Twin)

domains have been encircled by red, blue and black borders. In figure 5.11 (a), at beam

energy of 23.5 eV, domains with blue, red and black boundaries are bright, grey and dark
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Figure 7.11: AFM-LEEM image of a 60 ML NiO film viewed through the (0,1/2) spot.
(a) Beam energy 23.5 eV. (b) Beam energy 30.5 eV. (c) Intensity of different (T)win domains
encircled by red, blue and black borders have been plotted at different beam energies. (d)
The contrast of the bright and grey domains with respect to the dark domains (encircled
by black) has been plotted.
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intensities respectively. On the other hand, in figure 5.11 (b), for beam energy of 30.5

eV, domains with blue, red and black boundaries are light brown, bright and dark brown

intensities respectively. Evidently, there is an exchange of contrast between the blue and red

encircled domains. As discussed before, the half-order spots observed in a LEED pattern

are sum of projections from two different bulk half-order lattice points [as shown in figure

7.7] situated at different kz positions in the 3D reciprocal lattice. By changing the electron

beam energy, one is actually probing different kz values and hence the contributions from

these bulk half-order spot varies, which is responsible for the different intensities of the

twin domains at different beam energies. In figure 5.11 (c) intensities of the different twin

domains (with blue, red and black boundaries) are shown as a function of beam energies.

This plot (domain-resolved I-V spectra) clearly shows that the contrast between red and

blue domains are reversed at beam energy of 23.5 and 30.5 eV. The black line represents

intensity of the dark domains as visible in figures (a) and (b) which may be treated as

background intensity for these images. Figure (d) represents intensities of blue and red

bordered domains with respect to the background intensity. Actually, the dark domains

are due to the the other two orthogonal Twin domains. Similar conclusions were obtained

by our research groups in case of NiO(100) single crystal [38,109].

7.5.1.3 Thickness dependence of Néel temperature (TN)

As already demonstrated earlier, existence of p(2×2) half-order spots in LEED for the case

of NiO is a direct evidence of the surface antiferromagnetic ordering in the sample. After

the discovery of the half-order spots by electron diffraction experiments of Palmberg et

al. [34, 104, 105], many efforts have been successfully applied to measure the transition

temperature from antiferromagnetic to paramagnetic phase of NiO crystal surface. LEED

investigation has been performed by many research groups [108,109,284] in search of the

transition temperature of the sublattice magnetization. Loudon [285] has recently observed

the existence of p(2×2) half-order spots at (200 or 300 KeV energies) in transmission

electron diffraction using a Transmission Electron Microscope (TEM). Where TEM studies

by Loudon probed the bulk antiferromagnetism of NiO(100), almost all other LEED
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experiments probed the surface magnetic order of NiO(100), where the Néel temperature

was confirmed to be about 525 K. Using XMLD at Ni L2 edge, Altieri et al. [286] has

discovered substrate effect on a 3 ML NiO film’s Néel temperature, hence exploring how

interfacial strain (compressive or expansive) modulates the magnetic structure and strength

in NiO film. Using a 3 ML NiO(001) film grown on Ag(001) and an identically thin film

on MgO(001) as model systems, they observed that the Néel temperature of the NiO film

on the highly polarizable metal substrate is 390 K while that of the film on the poorly

polarizable insulator substrate is below 40 K. They measured TN of a 30 ML NiO film on

Ag(001) to be 535 K.
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Figure 7.12: Average intensity variation of p(2×2) half-order spots. (a) Lower thickness
range, Film thickness 0.5, 0.75, 1, 1.5 and 2 ML. (b) Higher thickness range, Film thickness
2, 6, 10 and 15 ML. Electron beam energy of 24 eV is used.

Here, we have studied thickness dependence of Néel temperature in NiO film grown

over Ag(001), mostly at the sub-monolayer thickness range and also at higher thickness. In

figure 7.12 (a), the temperature dependence of average intensity of LEED half-order spots

has been plotted for film thickness 0.5, 0.75, 1, 1.5 and 2 ML respectively. At RT (300

K), faint p(2×2) magnetic superstructure is visible for 2 ML NiO film. The temperature

dependence of the half-order intensity shows that TN of a 2 ML NiO film is 410 K, which is

close to the value measured by Altieri et al. [286]. Even at 1.5 ML film thickness, half-orders

can be detected with highest sensitivity of the detection in the LEED pattern for beam

energy of 24 eV at RT. Their intensity becomes prominent when the temperature of the
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oxide film is lowered to liquid nitrogen. TN of a 1.5 ML NiO film was measured by our

experiments as 360 K. For the case of a 1 ML NiO film, no half-order spots were visible at

RT. One has to cool the sample down to observe half-order spots which appears at 260 K

which is the TN for this thickness. Clearly, the antiferromagnetic strength of the film and

hence the Néel temperature decreases with lowering the film thickness. For one-monolayer

and sub-monolayer film thickness (0.5, 0.75 and 1 ML) Néel temperatures appear to be

same, 260 K. In other words, within the submonolayer region, the transition temperature

of the film does not drop further below the value of 1 ML film. Only the antiferromagnetic

strength of the sample decreases at lower coverage as manifested by the decreased intensity

at lower temperatures [see figure 5.12 (a)]. The probable reason behind this phenomena

may be that below 1 ML, different film coverages are purely two dimensional (flat) film

(formation of bi or multilayer NiO islands are not expected) and only size of the physical

domains changes with coverages which determines the antiferromagnetic strength of the

sample. Below 0.5 ML, no half-order spots have been observed with our ordinary four-grid

LEED instrument in the laboratory, due to lower instrument sensitivities.

Néel temperature of the sample increases with film thickness beyond sub-monolayer

range as can be seen in figure 7.12 (b). Néel temperature of 6 and 10 ML film are 450 K

and 475 K, respectively. A 15 ML NiO film shows magnetic behavior close to the bulk NiO

crystal, showing a Néel temperature about 510 K. Average half-order intensity decreases

linearly with sample temperature and vanishes to zero close to the transition temperature

of the sample in agreement with the previous studies.

The observation of magnetic half-order spots in the monolayer and sub-monolayer film

thickness range is an interesting observation. It provokes questions on the origin of these

magnetic spots in this reduced dimension and open up further scope for reinvestigation.

7.5.1.4 XMLD at different film thickness

In addition to AFM-LEEM, we have also used XMLD technique to probe the AFM order

of the NiO thin films on Ag(001). In figure 7.13, x-ray absorption spectra at Ni L2 edge is

shown for 60 ML NiO grown on Ag(001) for both vertical and horizontal polarized soft
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Figure 7.13: Higher XMLD signal for VP x-ray absorption indicating in-plane distribution
of the Ni moments.

x-ray beam. The L2 peaks are quite well-resolved. L2a and L2b peak appearing at photon

energies 873.0 and 874.1 eV, respectively. Both spectra has been normalized at L2a peaks

as the usual practice [38]. When vertically polarized (VP) x-ray is used, the second peak

of Ni L2 edge i.e. L2b has been increased in intensity, indicating presence of finite XMLD

effect. However, the L2b edge intensity is much weaker for horizontally polarized (HP)

beam, indicating that the Ni moments are distributed in-plane, and not out-of-plane of the

sample surface. These experimental results are very similar to our earlier spectroscopic

XMLD work on NiO(001) thin films.

In figure 7.14, XAS data are shown at Ni L edges for different film thickness; 6, 18, 40

and 60 ML. Vertically polarized x-ray photon has been used for each case to probe the

in-plane magnetic information of the samples. It is evident that multiplet splitting in thin

film (6 ML case) is significantly weaker than thicker film (60 ML). For the 60 ML film,

the L3 line appears at 857.2 eV photon energy. The splitted peaks of L2 are energetically

well-resoled; the L2a peak lies at 873.0 eV and the L2b peak lies at 874.1 eV photon energy

positions.
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Figure 7.14: XAS at Ni L edge with vertically polarized (VP) x-ray beam. Film thickness
6, 18, 40 and 60 ML.
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7.5.2 XMLD-PEEM: Spectromicroscopy

X-ray absorption images obtained with photoemission electron microscopy (PEEM) is

uniquely able to provide morphological as well as elemental information on micro/nano

structure at the surfaces of materials. The microscope, spatially resolves and images the

electrons emitted from a sample as a result of absorption of photons of a particular energy.

When linear polarized x-ray beam is used for absorption experiments, XMLD images can be

obtained which maps the AFM contrast or a particular antiferromagnetic domain pattern.

In case of XMLD imaging at the Ni L2 edges of NiO, two images are acquired at each peak

within the NiO L2 resonance. The L2 resonance is chosen because the isotropic absorption

intensity of the two peaks is very similar and the same exposure time can be chosen for the

two images. The final XMLD image represents the ratio of the two images with opposite

contrast. The details of this technique is already described in the second chapter of this

thesis, therefore we may directly focus on the results from the XMLD-PEEM experiments.

In our case, the two XMLD images has been collected at the Ni L2 edge photon energies of

873.0 eV and 874.1 eV. Their ratio has been chosen as the resultant XMLD-PEEM image

which contains information of surface antiferromagnetic nanostructures.

7.5.2.1 XMLD-PEEM: polarization dependency

From the XAS L2 peak splitting at vertical and horizontal polarized beam [figure 7.13]

and relative intensities of the components, it could be predicted that the Ni moments are

arranged preferentially in-plane of the sample surface. Figure 7.15 (a) shows the XAS data

at Ni L2 edge at for the VP and HP x-ray beam in case of a 60 ML NiO film. Both the

spectral lines are normalized at L2a. For the VP light, the data shows higher ‘magnetic

dichroism’ effect compared to horizontal polarization. The XMLD-PEEM images for VP

and HP light are shown in figure 7.17 (b) and (c) respectively. The VP beam probes the

surface magnetic domains and their distributions in case of 60 ML NiO film on Ag(001), as

seen in figure 7.17 (b). Since the Ni moments are ordered antiferromagnetically parallel

to the sample surface, only VP light, whose polarization vector lies in the plane of the

sample due to the experimental geometry, is able to probe the in-plane antiferromagnetic
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Figure 7.15: (a) XAS at Ni L2 edge in case of a 60 ML NiO film. Both the cases of VP
and HP are shown. (b) XMLD-PEEM image for VP beam. (c) XMLD-PEEM image for
HP beam.

domains. HP light has polarization vector normal to the sample surface and hence they are

insensitive to the in-plane Ni moment distribution. Therefore, no such magnetic features

with distinguishable contrast are visible with HP light, in figure 7.17 (c).

7.5.2.2 XMLD-PEEM: thickness dependent AFM domains

Ni L2 XMLD-PEEM images for NiO are sensitive to the relative orientation between the

AFM spin axis, crystallographic axis, and light polarization vector providing access to

all of the 12 AFM domains (the twin as well as spin domains [38]. In figure 7.16, the

XMLD-PEEM images of 60 ML (figure 7.18 a), 40 ML (figure b), 18 ML (figure c) and

6 ML (figure d) has been shown with 2 micron field-of-view at the Ni L2 edge. Each of

these images are obtained by taking the ratio of images collected using VP x-ray beams

with energies at 873.0 eV and 874.1 eV. The illuminated features are the different surface

magnetic domains visible on the dark background. Clear pattern with nano-sized domains

are visible for the case of 60 and 40 ML films. The antiferromagnetic domain size are
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Figure 7.16: XMLD-PEEM image at vertically polarized x-ray beam. NiO film of different
thickness (a) 60 ML (b) 40 ML (c) 18 ML (d) 6 ML.
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limited by the physical domain boundaries in case of ultrathin NiO films (6 and 18 ML).

These nanodomains domains are spatially well-resolved and distinguishable for the case of

60 and 40 ML NiO film. But, for the lower thickness of 18 and 6 ML, the domain sizes are

extremely small and are beyond the scope of instrumental resolution. Hence, no distinct

domains are visible for these low thickness and we only observe a grainy surface for these

two cases.

7.5.3 Comparison between AFM-LEEM and XMLD-PEEM

Being two complimentary techniques to probe/image surface antiferromagnetism, AFM-

LEEM and XMLD-PEEM has advantages and disadvantages over each other. Using XMLD

technique is a well known approach to investigate into magnetic domains of NiO films.

Based on the phenomena of x-ray absorption, XMLD-PEEM functions due to spin-orbit

coupling, crystal field and multiplet splitting in materials. On the other hand, the working

principle of AFM-LEEM is based on electron scattering by materials [109]. XMLD at

Ni L2 edge can probe all the 12 AFM spin domains in NiO [259]. The angle between

the polarization vector of the incident beam and the AFM axis determines the observed

contrast between different domains. AFM-LEEM, in comparison, is insensitive to the AFM

axes in the material. Since this technique is based on scattering phenomena, it mainly

probes different crystal planes where there are AFM ordering of spins which are the Twin

domains in NiO. Therefore this technique can only probe the twin domains and can not

probe the spin domains. In figure 7.17, the same sample regions of the NiO films has been

shown while two different techniques has been applied to probe them. In the upper row, all

the images are probed by AFM-LEEM; while the lower row represents the XMLD-PEEM

images of the same region for direct comparison. Figure 7.19 (a), (b), (c) and (d) are the

AFM-LEEM images of 60, 40, 18 and 6 ML NiO films, respectively while figure 7.19 (e),

(f), (g) are the XMLD-PEEM images of the 60, 40 and 18 ML films. Clearly, domain size

decreases at lower film thickness. In figure 7.19 (h), average domain size has been plotted as

a function of film thickness. This plot shows that the domain size almost saturates above 40

ML film thickness. An overall view of the growth of AFM nanodomains may be developed
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Figure 7.17: The zoomed in AFM-LEEM images of NiO films of various thickness. (a)
60 ML (b) 40 ML (c) 18 ML and (d) 6 ML. The corresponding XMLD-PEEM images at
Ni L2 edge shown at the same region (e) 60 ML (f) 40 ML (g) 18 ML. (h) Film thickness
vs. average domain size plot.

from this figure. At the very initial stage, nanoscale monodomain grains nucleate. Tiny

domains formed at 6 ML NiO film coalesce to form bigger domains. In figure 7.19 (a), (b),

(e) and (f), few domain features are encircled by dotted white boundaries. This helps in

direct comparison between the AFM-LEEM as well as XMLD-PEEM techniques. When we

compare these features in figure 7.19 (a) and (e), we observe that resolution in AFM-LEEM

images are much better than XMLD-PEEM. In fact, for 18 and 6 ML NiO films the

domain size goes beyond the resolution of XMLD-PEEM technique. While AFM-LEEM

has spatial resolution of <10 nm at RT, XMLD-PEEM has a spatial resolution about 30

nm. This shows that the AFM-LEEM has a dramatic advantage over the XMLD-PEEM

for imaging the tiny magnetic nanodomains for low thickness films. As we see in figure 7.8,

the AFM-LEEM can probe even the tiny monodomains of 20 nm size or lower in 6 ML

NiO film.

When the encircled domain features of figure 7.17 are compared, they appears to be very

similar, but not the same. This may be due to the fact that XMLD probes the magnetic

spin domains whereas AFM-LEEM only probes the magnetic Twin domains. Another
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reason which may be responsible behind the difference in the domain features probed by

these two techniques is the probing depth of these two techniques. While the low energy

electrons are highly surface sensitive (1-2 monolayers), the XMLD technique can prole

the shallow surface layers, typically reaching to about 20-30 ML. Hence, another major

advantage of AFM-LEEM is its ultra-sensitivity to the surface (top-layer) magnetism.

XMLD-PEEM has material (elemental) sensitivity. This advantage makes it useful to

probe the magnetic domains of any antiferromagnetic surface buried under a magnetic or

non-magnetic layer as well as the interfacial magnetic behavior which is beyond the scope

of AFM-LEEM.

7.6 Summary

In this chapter, the antiferromagnetic domain structure of NiO has been discussed in detail.

Two different techniques, first one, AFM-LEEM based on electron diffraction developed by

us, second one, XMLD-PEEM based on polarized x-ray absorbtion, are used for imaging

the antiferromagnetic twin and spin domains of NiO film of various thickness grown on

Ag(001). Four different film thickness 6, 18, 40 and 60 ML of NiO films has been chosen

for study. Moreover, p(2×2) magnetic superstructure has been found in LEED pattern for

beam energies lower than 40 eV [see the figure 7.11 (c)]. Intensity variation of half-order

spots has been performed to determine the Néel temperature variation with film thickness.

Evolution of tiny nanodomains at the very initial stage (6 ML) and the nucleation of

smaller domains to grow in their size with increasing film thickness (60 ML), can be framed

through the magnetic domain imaging studies. The advantage of higher spatial resolution

of AFM-LEEM over XMLD-PEEM can be realized in this context.
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Effect of oxygen vacancy defects on the
electronic structure and magnetism of NiO
film

8.1 Introduction

Detailed understanding of the role played by defects in ionic crystalline solids has been

a matter of immense importance in the field of material research since decades. Point

defects like cation or anion vacancies, interstitials, color centers as well as line defects

like dislocation, slip etc. have strong impact on properties like electrical conductivity and

strength of materials. Various theoretical and experimental efforts have been employed to

study how the electronic structure of the strongly correlated prototype insulator NiO is

affected by the simplest crystal imperfection like oxygen vacancy point defect (VO), also

known as Schottky defect.

Reinert et al. [287] introduced holes in NiO crystal by doping Li3+ ions and created

excess electrons in this oxide material by vacuum annealing the sample at sufficiently higher

temperature, thus producing metallic Ni0. They studied the effect of both p and n-type

doping on the core level and valence band electronic structure by XPS, UPS and EELS

(elctron energy loss spectroscopy). Altieri et al. [288] performed rigorous XPS studies on

Ni 2p core level in NixMg1−xO crystals with 0.03<x<1 and compared the experimental

data with their cluster model calculations in the impurity limit. Another example of p-type
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doping the NiO crystal and studying the core and valence electronic structure with XPS

and BIS was demostrated by Sawatzky and his group [289]. Valeri et al. [290] have done a

detailed study of Ni to O stoichiometry dependence on the surface structure and electronic

structure of ultrathin NiO film deposited on Ag substrate using quantitative XPS analysis

and LEED. Many other groups have studied the creation of Ni and O vacancy defects and

production of Ni3+ and O− ions within the film, surface adsorption of oxygen containing

species like H2O, CO etc. and their effect on the core as well as valence electronic structure

in last few decades [291–293].

The aim of our present work is to reinvestigate the effect of anion (oxygen) vacancy

on the core and valence level electronic structure in a NiO epitaxial film grown on top of

Ag(001) crystal by XPS and UPS studies. A thorough study on the creation of these VO

sites and formation of metallic Ni0 by Ar+ bombardment as well as high temperature UHV

annealing is performed by us. The evolution of defect states at the film surface with Ar+

sputtering time and their partial and complete destruction as a result of vacuum/oxygen

anneal is rigorously studied where the comparison between surface and bulk electronic

states have been drawn with the help of angle-dependent XPS studies. A LEED study

of surface structure of the NiO film under sputtered and annealed conditions are also

discussed in brief.

As shown in the previous chapter, LEED pattern at low electron energy reveals the

presence of surface antiferromagnetism exposing the existence of p(2×2) magnetic half-

order spots. The Néel temperature of NiO films has also been determined for various film

thicknesses. In this chapter, we present the effect of defects (mostly oxygen vacancy and

surface disorder) on the magnetic strength of NiO/Ag(001) film via change in the half-order

intensity and the Néel temperature of the sample.

NiO, with its rocksalt structure have lattice constant of 4.18 Å. Hence it grows epitaxi-

ally on Ag(001) (lattice constant 4.09 Å) with only 2% lattice mismatch. Being a strongly

correlated material, NiO has been well studied to understand the correlation effects of

localized d electrons and its relation with the insulating nature and also the antiferromag-

netic properties of this transition metal oxide system. In the core level excitation process,
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the creation of a core hole in Ni 2p is accompanied by a strong coulomb repulsion with

the holes within the localized 3d orbital. The lowest energy state will thus be of the form

c−13dn+1L−1, here c−1 represents a core hole, L−1 is hole created in ligand oxygen band;

whereas the ground state is predominantly of 3dn character [244]. The electronic structure

of NiO film has already been discussed in detail in earlier chapter. In this chapter, the

relative intensities of several peaks and appearance of new features both in valence and

conduction band electronic structures have been focussed on.

8.2 Experimental details

8.2.1 Effect on electronic structures

A direct way to create oxygen vacancy in the NiO film is Ar+ ion sputtering. When the

surface of a multicomponent system like NiO is sputtered, there is always a preferential

sputtering occurs; i.e, the cross-section for sputtering for Ni and O are very different, which

results in the preferential sputtering. The preferential sputtering also depends on the ion

beam energy. For lower ion beam energies (about 500 eV), the sputtering yield for oxygen

is much higher in comparison to Ni. This yields a far higher number of oxygen vacancies

are created in comparison to the Ni vacancies. So here, on may ignore the effect of the Ni

vacancies on the electronic structure up on mild sputtering of NiO film.

Oxygen vacancy defects may also be created in the deposited NiO films by annealing

the sample in UHV at higher temperature which removes oxygen from the film surface

affecting Ni:O stoichiometry. Both process were applied in our experiments, for the creation

of oxygen vacancy defects in the NiO thin film surface.

8.2.1.1 Modification of core levels

The cation core level electronic structure is significantly modified as anion vacancies are

created by inert ion (Ar+) bombardment on the NiO film surface. The Ni 2p and O 1s core

level x-ray photoemission spectra probed by monochromatic Al Kα are presented in figure
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Figure 8.1: XPS core levels (a) Ni 2p (b) O 1s of 20 ML NiO film probed by Al Kα under
different Ar+ sputter time.

8.1 (a) and (b), respectively as a function of mild (500 eV) Ar+ ion sputtering duration.

Bombarding the 20 ML NiO/Ag(001) film by inert ions desorbs the oxygen atoms from

the film, increasing the number of oxygen vacancy sites at the film surface. This results

in creation of metallic nickel (Ni0) sites mostly at the top surface and shallow surface

region of the oxide film. As Ar+ is sputtered over increased time period, an extra feature

appears at 1.6 eV lower binding energy position than the Ni 2p3/2 main peak [marked as

‘a’] (c−1d9L−1) at 854.6 eV. This lowest binding energy feature [denoted as ‘ã’] corresponds

to metallic Ni0 formed at the oxide film surface which increases in intensity as more oxygen

vacancies are created with increased sputtering time. The satellite feature ‘b’ (c−1d9) which

lies at 1.5 eV higher binding energy than Ni 2p3/2 main line increases almost 3% under Ar

sputter of 15 min. This feature which was attributed to Ni3+ sites present in the sample

by many groups [294] in earlier days is now well established to originate from the non-local

screening process [289,295], where electrons are contributed to a nickel site not from the

ligands associated with that site but from the ligands of neighboring nickel sites. Satellite

feature ‘c’ (c−1d10L−2) as well as ‘d’ (c−1d8) does not undergo any significant modification

due to Ar bombardment. Intensity of feature ‘e’ goes down and the feature ‘f’ which
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Figure 8.2: Valence band spectra of 20 ML NiO film under different Ar sputter duration
probed by (a) Al Kα (1486.6 eV) x-ray source (b) He IIα (40.8 eV) ultraviolet photon
source.

corresponds to 2p1/2 peak of metallic nickel Ni0 gets enhanced under Ar ion sputtering

for longer duration. The overall Ni 2p spectrum shifts towards higher binding energy of

about 270 meV under 15 min Ar bombardment. The O 1s peak on the other hand shifts

towards 200 meV higher binding energy position due to 15 min of Ar sputter [figure 8.1

(b)]. Moreover an extra hump (denoted as ‘B’) gradually appears in the spectra at 1.9 eV

higher binding energy position from O 1s main peak (marked as ‘A’) which may be the

contribution from surface impurities due to sputtering.

8.2.1.2 Modification of valence band

Along with modifications in the core levels there occurs changes in the valence band of

NiO also with Ar+ ion sputtering duration. In figure 8.2 (a), the gradual changes in the

valence band (VB) electronic structure of a 20 ML NiO film is shown where monochromatic

Al Kα photon source (hν = 1486.6 eV) is used to excite the valence electrons. The main

line which is d8L−1 state near 2 eV binding energy is denoted as ‘a1’ corresponds to Ni 3d

state and the feature at about 1.5 eV binding energy above the main line marked as ‘b1’
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corresponds to mixture of Ni 3d and O 1s bands. Another feature denoted by ‘c1’ which

corresponds to the d7 state is a satellite state at 7.0 eV higher binding energy from the

main line. Relative intensity of both the feature ‘b1’ and ‘c1’ with respect to the the main

line decreases with Ar ion sputtering. The 15 min Ar+ bombarded surface shows a distinct

feature close to the Fermi level which is denoted by ‘ã1’. Intensity of this state increases

gradually as a function of sputtering time. For mild sputtering, these DOS close to Fermi

level may be considered a result of oxygen vacancy defects created by Ar+ ion sputtering;

though after longer sputtering duration the contribution of surface metallic nickel to this

state can not be ignored. There is a spectral shift of about 200 meV of the valence band

towards higher binding energy under Ar+ sputter. Figure 8.2 (b) shows the VB of the same

film as shown in figure 8.2 (a) probed by ultraviolet He IIα photon source (hν = 40.8 eV).

The features ‘a2’, ‘b2’ and ‘c2’, ‘d2’ corresponds to the Ni 3d and O 2p bands respectively.

The relative intensity of Ni 3d main peak at 2 eV (denoted as ‘a2’) decreases significantly as

a result of bombardment for longer duration. The defect states near Fermi level (denoted

as ‘ã2’) is of higher intensity while probed by ultraviolet photons rather than x-ray which

indicates that the defect states are contributed mainly by the top most surface of the NiO

film where the number of VO sites are maximum. Under mild Ar+ sputtering for shorter

duration (5 min), there occurs maximum spectral shift (about 400 meV); however no defect

states are observed close to Fermi level. Under sputter for longer duration (15 min) there

occurs no further significant spectral shift anymore but the defect states evolves gradually.

8.2.1.3 Angle dependent XPS studies: Core levels

To have a qualitative study of the defect state density distribution along the surface normal

of the film, angle dependent Ni 2p and O 1s core level studies were performed using

monochromatic Al Kα x-ray source. Due to limited inelastic mean free path, the x-ray

photoelectrons emitted at a grazing angle (θ = 700) comes mostly from the surface region of

the film carrying more surface information, whereas the normally emitted (θ = 00) electrons

rather consists more of bulk information. In figure 8.3 (a), the angle dependent x-ray core

level studies of Ni 2p are shown under different conditions. When the as prepared NiO film
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Figure 8.3: Angle dependent XPS study for two different electron emission angles; normal
emission (θ = 00); grazing emission (θ = 700); core levels (a) Ni 2p. (b) O 1s. NiO film
thickness 20 ML.

is sputtered by Ar+ ions for sufficient duration significant amount of oxygen vacancies are

created mostly close to the 20 ML NiO surface layers. Nickel to oxygen stoichiometry at

bulk region of the film is expected to be less disturbed compared to the surface region. A

40% increment in the metallic nature of the sample is observed close to the surface from

the grazing emission data compared to the normal emission spectra. As the sputtered film

is annealed in UHV at 573 K for 30 min, a significant reduction in the quantity of metallic

nickel at the surface and shallow surface region under grazing angle electron emission is

observed which directly implies the oxygen vacancy reduction on the film surface. UHV

annealing for sufficient time duration triggers the drifting of oxygen atoms from the bulk of

the film towards the surface region to help in partial compensation of the surface VO sites.

While under annealing at same temperature in oxygen environment hardly any change can

be observed in the Ni 2p core level between normal and grazing electron emission angle

implying almost a complete reduction of oxygen vacancy defect in the sample surface and a

homogeneous Ni:O stoichiometry at different depths of the film. Under Ar+ ion sputtering,

the O 1s peak shows an extra feature at higher binding energy position whose intensity

gets prominent at grazing angle emission [shown in figure 8.3 (b)]. This extra component
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vanishes under both vacuum and oxygen anneal. There are no differences between the

spectral characteristics of O 1s peak between the normal and grazing emission angles after

annealing the film. A spectral shift of 300 meV of the O 1s core level towards the higher

binding energy under Ar+ ion sputter compared to the oxygen annealed film is notable.

8.2.1.4 Angle dependent XPS studies: Valence band

The defect states are localized at the near surface region of the film whereas the bulk of the

NiO film remains quite unperturbed under Ar+ ion sputtering as evident from figure 8.4

where in the XPS VB the feature ‘ã1’ near the Fermi level only exists while the surface of

the film is probed by x-ray at 700 electron emission angle. In figure 8.4, the XPS VB also

shows reduction of the defect states at the surface under UHV anneal and almost complete

compensation of the oxygen vacancy sites under oxygen anneal of the film. Intensity of the

feature ‘b1’ reduces significantly at the surface of the film under Ar+ sputter, probably due

to quantitative reduction in surface oxygen whereas the satellite ‘c1’ (d7 state) intensity
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does not undergo through any distinguishable change. The LEED pattern of the film

surface at 53 eV electron beam energy is shown for Ar sputtered, UHV annealed and oxygen

annealed cases in figure 8.4 (b), (c) and (d), respectively. The 3D profile of (1,0) LEED

spot for each case are displayed in the right side of every LEED image. The appearance of

circular ‘halo’ surrounding the LEED spot is prominent for the Ar+ sputtered film; on the

other hand, the oxygen annealed film shows the sharpest peaks with minimum FWHM

value.

8.2.1.5 Effect of vacuum and oxygen annealing

Annealing the NiO film at elevated temperature in UHV for sufficient time duration results

in reduction of NiO by removal of oxygen atoms from the sample surface creating vacancy

sites in the shallow surface region and introducing slight metallicity at the film surface. The

Ni0 centers pin the Fermi energy depending on the amount of VO sites produced. Figure

8.5 (a) (main panel) shows 450 meV shifting of the feature a2 of the NiO VB towards
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higher binding energy under vacuum anneal at 573 K for 30 min as a result of EF pinning.

A shift of 200 meV towards the higher binding energy is also observed in the Ni 2p core

level under vacuum anneal (not shown here). Vacancy defect states are created near 0.5 eV

binding energy close to the EF as shown in the inbox of the figure 8.5 (a). The effect of

UHV annealing on the stoichiometry of the film is more prominent in case of 1 ML NiO

film because of its reduced dimension. In figure 8.5 (b), the VB electronic structure of 1

ML NiO film (probed by He IIα) is shown for the as prepared film, UHV annealed film and

oxygen annealed film, respectively. The Ni 3d band shifts 0.5 eV towards higher binding

energy after UHV anneal due to Fermi level pinning whereas the Ag 4d bands show no

shifting. In the inset of figure 8.5(b), the appearance of an extra band corresponding to

defect states is observed at 0.6 eV binding energy position. APRES image [not shown

here] demonstrates the non-dispersive character of these bands, as expected in case of the

vacancy states.

8.2.1.6 Discussion

Sufficient Ar+ ion bombardment as well as high temperature vacuum annealing produces

significant amount of oxygen vacancies in the NiO film. These defect sites mostly confined

within the top few layers resulting in metallic Ni enriched oxide surface as evident from our

angle dependent photoemission studies. In case of Ni 2p XPS, the main line ‘a’ at 854.6 eV

and the 1.5 eV higher energy satellite ‘b’ appears due to the local and non-local screening

effect, respectively. The electrons contributed to the nickel atom by octahedrally surrounding

ligand oxygen sites produces the local screening effect while electrons contributed by the

ligands of neighboring nickel sites create the non-local screening effect [289,295]. Theoretical

cluster model calculations shows that breakage of octahedral symmetry at the top surface

of NiO decreases electron contribution from neighboring ligands which in effect increases

the contribution of non-local electron screening process [296]. Satisfying the theoretical

calculations, experimental evidences are there showing relative increment of non-local

screening satellite peak ‘b’ when surface region of NiO rather than the bulk contributes

more in the XPS spectra [297]. Moreover, the removal of surface oxygen atoms by Ar+
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sputter or UHV annealing results in creation of anion vacancy sites surrounding the nickel

atoms at the film surface which reduces the effective local electron screening process thus

promoting the non-local screening effect. Therefore in Ni 2p spectra, 15% increment of

feature ‘b’ is observed for Ar+ bombarded film while photoelectrons are collected at a

grazing angle as shown in figure 8.3 (a). Within the binding energy range of 858-870 eV,

the screened satellite ‘c’ (c−1d10L−2) and the unscreened satellite ‘d’ (c−1d8) does not show

any significant change in their intensity under Ar+ sputtering at 0.5 keV similar to the

observations of McKay et al. [291]. They reported a distinct enhancement in these features

only under sputtering by high energy (5 keV) Ar+ ions. The appearance of a small hump

at 1.9 eV higher binding energy from the O 1s main peak under Ar+ bombardment for

sufficient time as well as enhancement of this peak at the sputtered film surface compared

to the bulk is reported by many earlier research works [298,299]. Roberts and Smart [299]

reported the higher binding energy component of O 1s (marked as ‘B’) and Ni 2p3/2

(marked as ‘b’) can be correlated with oxygen defect structure. Norton et al. suggested that

the high binding energy peak of O 1s originates due to formation of Ni3+ ions at the film

surface as a result of Ar bombardment. Kim and Winograd [298] proposed that there is

good probability that Ni2O3 is formed on nickel oxide surfaces except Ni is oxidized at high

temperature while many other studies denied the formation of Ni2O3 on this oxide surface.

Evolution of the O 1s higher binding energy component under chemisorption of oxygen

containing species is experimentally well established [255,300]. Uhlenbrock et al. [294] has

experimentally demonstrated that an Ar sputtered NiO surface becomes quite reactive

for adsorption than a freshly cleaved surface [294]. They have shown that the reactivity

of NiO surface highly increases upon severe sputtering dosage. In accordance with their

observation no trace of this high binding energy component is observed in our experiment

in case of freshly prepared NiO film in our study. This component is only present when

the oxide film is Ar sputtered for sufficient time and its intensity becomes prominent while

performing the grazing excident experiments. It vanishes completely when the sputtered

film is annealed in UHV or in O2 environment as evident in our data of figure 8.3 (b). It is

observed from figure 8.4 (a) that the defect states are still persistent within the oxide film
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surface even after UHV annealing. They vanish completely only under oxygen annealing.

Therefore it may be concluded that the higher binding energy component of O 1s is in no

way directly connected to the creation of VO defects or Ni3+ ion on the film surface by

sputtering. A tiny amount of H2O adsorption on the reactive surface of sputtered NiO is

responsible for this extra feature in O 1s which is banished off the surface under thermal

treatment.

The requirement of a charge neutralized surface demands that two electrons will be

effectively confined at the VO centers. The electronic charge entrapped at the vacancy

sites will be distributed among the surrounding Ni atoms depending upon the symmetry

of relaxation of the top surface [291]. When the density of these vacancy sites increases,

sufficiently the defect states overlap to form a surface conduction band within the band

gap zone as per our experimental observations (figure 8.2 and 8.4). Spin-polarized GGA

calculations by Park et al. [301] showed that in case of non-stoichiometric oxides with

higher density of vacancies; the vacancy-vacancy interaction can trigger a certain type of

defect ordering. According to their report, the most stable defect ordering is in simple cubic

style for nickel vacancies (VNi), while in case of oxygen vacancies there is tendency to form

defect clustering. Our experimental observations are in support to their calculations which

predicts formation of occupied defect states close to EF though no splitting of these defect

states could be detected in our studies. In context to the stability of these defects, Zhang

et al. [302] demonstrated from their first principle calculations that VO and VNi are the

most stable defects in O-poor and O-rich samples, respectively. Their electronic structure

calculations resemble with our experimental finding of defect state evolution in the band

gap region close to EF . Moreover, presence of a donor level close to the conduction band

minimum (CBM) due to VO in their calculation is a direct proof of n-type doping of the

oxide film, thus reducing the band gap and tending towards semiconducting behavior from

insulating nature. Appearance of this donor level near CBM due to oxygen vacancy defect

was experimentally observed by inverse photoemission studies [293]. According to Zhang et

al. impurity states are contributed by the dangling d orbital of nickel atoms coordinating
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the vacancy site. They have also shown that the contribution of O 2p states to the impurity

states is minor compared to the Ni 3d states.

When a freshly prepared NiO film is Ar sputtered, anion vacancies which are basically

point defects, are created in the film with their maximum density at the top surface;

thereby creating a concentration gradient from the top surface to the bulk of the film. An

excess sputtering leads to the formation of Ni0 metals at the oxide film surface. A thermal

treatment (like UHV annealing) accelerate the diffusion process of these defect sites to have

an uniform distribution throughout the film. Oxygen atoms drift from bulk region to film

surface to occupy surface oxygen vacancy sites thus producing schottky point defects at

bulk region of the film. The trapping of electrons at the oxygen vacancy sites, make them

to behave like F-centers. On the top surface, the atomic crystalline order may rearrange

under thermal treatment in presence of VO sites, such as exchange of Ni2+ and vacant

sites, formation of vacancy clusters etc occurs. These VO site clusters may form M-centers

and R-centers at the film surface. These electron trapped complex muti-defect clusters

strongly affect the surface electronic structure of the film.

8.2.2 Effect the oxygen vacancies on magnetism

In NiO, two neighboring Ni atoms are bound via an oxygen atom through the superexchange

interaction. One spin-up and another spin-down adjacent Ni sites form stable bonding

providing a well arranged antiferromagnetic order throughout the NiO lattice. Therefore,

the absence of oxygen site will eventually affect the antiferromagnetic order, reducing the

magnetic of the sample. In fact, our experiments prove the reduction in Néel temperature

(TN ) with the creation of oxygen vacancies at NiO film surface.

As mentioned earlier, p(2×2) half-order spots are visible in LEED for NiO films at

lower beam energy range due to the presence of surface magnetic order. In figure 8.6 (a),

the half-order spots of a 20 ML NiO film grown on Ag(001) is shown at RT (300 K) for

beam energy 23 eV. The half-order spots have four-fold symmetry, the integer order spots

do not enter into the field-of-view of LEED screen at this low beam energy. Intensity of

the half-orders completely vanishes at 523 K, which is above the Néel temperature of the
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film. The average intensities of half-order spots are shown in figure 8.6 (c), at various
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Figure 8.6: LEED p(2×2) half-order spot intensity (a) 300 K (RT) (b) 523 K (above TN ).
(c) Temperature dependence of half-order intensity of the ‘as prepared’ 20 ML NiO film
grown on Ag(001). Néel temperature variation of the film after passing through various
number of sputter and anneal cycles are also shown.

sample temperatures for different sputtered and annealing conditions. The ‘as prepared’

film shows a linear variation of half-order spot intensity with temperature and shows a TN

close to 500 K. No significant change in the nature of this intensity curve was observed

when the sample was annealed in UHV for few hours at 673 K (not shown here). This

is possibly due to the reduced number of oxygen vacancies created at the NiO surface

by this UHV annealing process. Significant difference in Ni to O stoichiometry has been

created through sputtering the sample with Ar+ ion (500 eV) for 15 minutes followed by
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UHV annealing at 673 K for 30 min. Sputtering ravages the surface crystalline quality

of the sample destroying the magnetic order, hence the half-orders vanishes. However

post-UHV annealing after sputtering rather recovers the sample surface quality and restores

the half-order spots though it maintains the deficiency of oxygen at the sample surface.

Temperature dependence of half-order intensity was performed every time after passing

the sample through Ar sputter and UHV anneal cycles. A gradual decrement in the Néel

temperature was observed with oxygen deficiency in the sample. We measured TN values

as 465 K, 435 K, 410 K and 345 K of the sample after 1st, 2nd, 3rd and 4th sputter-anneal

cycle, respectively. The significant amount of intensity reduction of the half-order spots

as a result of increased sputter time (or increased oxygen deficiency) at RT is notable.

Intensity of the half-orders almost vanishes under more sputtering of the sample and could

not be detected at RT. Annealing of the sample in oxygen environment (7×10−6 mbar)

for 30 minutes help in recovering back the surface Ni to O stoichiometry as well as as the

magnetic strength of the sample which is reflected in the increment of TN value. This

reversible variation of the TN with Ni to O stoichiometry confirms the vacancy dependence

of the antiferromagnetic ordering in the NiO film. As the oxygen vacancy density increases,

more Ni-O-Ni bonds are destroyed leading to the reduction of the TN as a result of the

reduced extend of the antiferromagnetic wave-function overlap (in other words, reduced

dimensionality of the antiferromagnetic overlaps).

8.3 Conclusion

Creation of oxygen vacancies and metallic nickel states at the NiO/Ag(001) film surface and

its effect on the valence band and core level electronic structure have been studied. While

the oxygen vacancies in NiO films can be produced by UHV annealing at high temperature

as well as mild Ar+ sputtering; metallic Ni0 states are only produced in the film by severe

sputtering process. Angle dependent photoemission studies provide an idea about the

distribution of defect densities at various depths of the oxide film. The effect of UHV and

oxygen annealing on the electronic structure of the film has also been reinvestigated.
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Removal of oxygen atom affect the superexchange interaction between the up-spin and

down-spin Ni atoms in the crystalline NiO film and thus decreasing the antiferromagnetic

order and strength of the film which is reflected in the Néel temperature decrement. The

temperature dependency of the LEED half-order intensity shows consistent decrement of

TN value with increased oxygen vacancy concentration at the NiO film surface.

The effect of stoichiometric variation (by introducing oxygen vacancies) on the anti-

ferromagnetic order as well as electronic structure of NiO appears to really an interesting

phenomena. However, our studies (with LEED and photoemission) explored new pathways

for detailed microscopic investigation in future.
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