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1 Introduction

Magnetic materials play an inevitable role in modern day information technology due
to the applications in sensors, memories, read heads etc. Progress in these fields require
size reduction along with the exploration of new properties. Reduction in size and
dimensions of magnetic materials can lead to significant improvement in properties
along with constraints for a perfect control of their fabrication. Dimension reductions
such as from bulk to thin films induce the presence of interfaces, surfaces and structural
defects, that can act as the origin of new magnetic configurations. Magnetic films in
the ultrathin size regime behave as two-dimensional magnetic systems and give rise
to modified magnetic properties due to the reduction in dimensions and symmetry
and hence they are strongly correlated to morphology, dimension and thickness. The
knowledge about local structural, chemical and magnetic properties of these objects is
essential in optimizing their characteristics.

The aim of this thesis is to investigate the growth, the interface effects and the mag-
netic properties of ultrathin ferro- and ferrimagnetic films on ferroelectric substrates
such as BaTiO3. These systems are examples of two-phase materials which offer the
possibility to combine desired ferroic properties and are expected to show a multifer-
roic effect due to the coupling of different ferroic orders across the interface.

Suitable experimental methods employed in this thesis to study the interface elec-
tronic structure and magnetic properties in thin film magnetic materials are X-ray ab-
sorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) due to
the surface sensitivity and elemental specificity combined with the possibility of the
quantitative determination of orbital and spin magnetic moments especially of indi-
vidual constituents in a compound [1, 2, 3, 4, 5, 6, 7]. The improvement of data eval-
uation techniques and advances at the theoretical front have helped in the successful
implementation of XAS and XMCD for the determination of magnetic properties.

The focus of the first part of this thesis is on the growth, interface effects and mag-
netic properties of ultrathin Fe films on well characterized single crystal BaTiO3(001)
substrates. The effect of the substrate surface structure on the oxidation and mag-
netic properties of Fe ultrathin films will be addressed in this part. In addition, the
effect of growth as well as film thickness on the magnetic properties will also be es-
tablished. A magnetoelectric effect induced by interface bonding was predicted across
Fe/BaTiO3 multilayers [8] and ferroelectric control of magnetism was later demon-
strated across a BaTiO3/Fe interface [9]. A ferromagnetic-to-ferrimagnetic transition
of magnetic order with increasing Fe thickness has been predicted with first-principles
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electronic-structure calculations of Fe films on TiO2 terminated surfaces of BaTiO3 or
PbTiO3 [10]. A similar effect has also been found in first principles XMCD calcula-
tions of Fe ultrathin films on BaTiO3 where characteristic structures were observed in
the XMCD spectra and attributed to changes at the Fe/BaTiO3 interface structure [11].
These predictions serve as the motivation to investigate the magnetic properties of Fe
ultrathin films on BaTiO3 surfaces experimentally.

Since the magnetic properties of thin films are closely related to the structure and
morphology, any change in these properties will lead to changes in magnetism. This
particularly interesting aspect in the study of thin films, i.e., the effect of annealing on
the morphology and magnetic properties will be addressed in the second part.

The substitution of single crystal BaTiO3 substrates with BaTiO3 layers will be ben-
eficial for multiferroic switching applications due to the comparatively low voltages
required for switching the polarization of BaTiO3 layers. Knowledge of the magnetic
properties of Fe films on BaTiO3 layers is therefore essential in successfully employing
these materials for technological applications and this forms the focus of the third part.
The reported switching of Ni magnetization in Ni/BaTiO3 hybrid structures using the
electric field dependence of the magnetic coercivity [12] makes the study of magnetic
properties of Fe on BaTiO3/Pt(100) interesting since magnetoelectric coupling is pre-
dicted due to a polarization-induced change in the magnetization at the interface in
this system [13]. Magnetic properties and the interface stability of Fe ultrathin films on
BaTiO3 layers will be investigated in this part in order to compare it to the Fe films on
BaTiO3 single crystals.

The effect of BaTiO3 substrate and interface interaction on the magnetic properties
if the magnetic layer is ferrimagnetic, forms the focus of the final part. The suggested
magnetoelectric effect at the Fe3O4/BaTiO3 interface due to interface bonding [14] is
motivational to study the magnetic properties and interface effects of Fe3O4 ultrathin
films on BaTiO3 single crystals.

The present thesis is organized into eight chapters. The next chapter describes the
theoretical aspects concerning the main experimental techniques employed in this the-
sis. Chapter 3 provides a description of the experimental apparatus and methods along
with a brief description of materials investigated and their methods of preparation. Ex-
perimental results are presented and discussed in the next four chapters. In the first
part of chapter 4, the detailed investigations on the electronic structure and long range
order of BaTiO3 single crystal substrates are presented. In the second part of chapter 4,
the growth and magnetic properties of ultrathin Fe films on BaTiO3 single crystal sub-
strates are studied which elucidate the thickness dependent in-plane spin reorientation
transition. In chapter 5, the dependence of magnetic properties on the morphological
transformations of Fe film due to annealing is shown. Chapter 6 presents the results of
magnetic property investigations of Fe films on BaTiO3 layer substrate and thickness
dependent spin reorientation transition of Fe films. The final results chapter (chap-
ter 7) focuses on the growth and magnetic properties of e-beam evaporated Fe oxide
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ultrathin films. Chapter 8 discusses the summary of the present work with a future
outlook.
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2 Theoretical aspects of main
experimental techniques

In this chapter, the theoretical aspects of the main experimental techniques employed
in this thesis such as X-ray absorption spectroscopy (XAS), X-ray magnetic circular
dichroism (XMCD), X-ray Magnetic Linear Dichroism (XMLD) and X-ray photoelec-
tron spectroscopy (XPS) are briefly described.

2.1 X-ray absorption spectroscopy

When an electromagnetic radiation, with oscillating electric and magnetic fields, such
as X-rays hit a sample, the electric field of the radiation interacts with the electrons of
the atoms. Consequently, the incident X-rays may get absorbed through the excitation
of the electrons in the sample or get scattered elastically or inelastically.

Upon interaction of X-rays with matter, the X-ray intensity I decays exponentially as
given by Beer‘s law:

Id = I0e−µd (2.1)

where d is the depth of the sample, I0 is the incident intensity, Id is the attenuated
intensity after the radiation passes through the sample and µ stands for the linear X-ray
absorption coefficient.

The X-ray absorption cross section σ is defined as the number of photons absorbed
per atom divided by the number of incident photons per unit area. The absorption
coefficient is related to the absorption cross section via σ = µ/ρ, where ρ is the density
of atoms.

X-ray absorption spectroscopy measures the excitation of an electron from the deep
core state to a previously unoccupied bound state or the continuum. If we consider the
excitation of a core electron with an initial state |i〉 and energy Ei to a final state | f 〉, by
the absorption of an X-ray photon with energy E = h̄ω, the final state has an energy
E f = Ei + h̄ω.

The absorption cross section in a photoelectric absorption process (σa) is defined
as the ratio of the transition rate (electron transition probability per unit time) to the
incident flux of photons.

σa = Wi→ f /Φ0 (2.2)
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where, Wi→ f is the transition probability per unit time [sec−1] and Φ0 is the incident
photon flux [number of photons/cm2s].

In first order time dependent perturbation theory, the transition probability per unit
time Wi→ f , from a state |i〉 to a state | f 〉 is described by Fermi‘s Golden rule:

Wi→ f =
2π

h̄
|〈 f |Ti→ f |i〉|2δ(E f − Ei − h̄ω) (2.3)

where Ti→ f denotes the interaction operator and δ(E f − Ei − h̄ω) is the energy con-
servation term. In the first order the interaction operator Ti→ f is equal to the interaction
Hamiltonian Hint. Thus the probability of transitions per unit time of the system due
to perturbations from one energy Eigen state into a continuum of energy Eigen states
can be calculated using equation 2.3.

For X-ray absorption,Hint couples the electron and photon fields and hence consists
of the product of the electron momentum operator p and the vector potential A (of
X-rays). With me the mass of electron, c the velocity of light and e the electron charge ,

Hint =
e

mec
p ·A (2.4)

The vector field for the X-rays A is given in the form of a plain wave of electromag-
netic radiation which can be written as [15],

A = eq A0cos(kx−ωt) =
1
2

eq A0ei(kx−wt) + c.c. (2.5)

where eq is the unit vector for polarization q, k is the wave vector, x is the displace-
ment, ω is the frequency and t is the time.

By substituting for A in Equation. 2.4, the interaction Hamiltonian can be obtained
as [15],

Hint ∝ ∑
q
(eq · p)eik·r (2.6)

By doing a Taylor expansion of eik·r and neglecting further terms after the second
term, the first two terms of theHint become [15],

Hint ∝ ∑
q
[(eq · p) + i(eq · p)(k · r)] (2.7)

The first term of Equation 2.7 refers to the dipole transition and second term gives the
electric quadrupole transition. In this equation, the k dependence can be eliminated
by neglecting further terms of the expansion. p can be expressed in terms of the length
operator r as p = m/ih̄[r,H] whereH is the atomic Hamiltonian.

Hence, theHint finally takes the form [15],

Hint ∝ ∑
q
(eq · r) (2.8)
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By substituting forHint in Fermi‘s Golden rule (Eq. 2.3) gives,

Ti f ∝
2π

h̄
|〈 f |(eq · r)|i〉|2δ(E f − Ei − h̄ω) (2.9)

This equation gives the transition probability of electrons in polarization dependent
X-ray absorption per unit time in the dipole approximation in the most general form.
Using this equation, the absorption cross sections can be calculated by knowing the
incident photon flux.

A schematic of X-ray absorption process is shown in Fig. 2.1. The X-rays with an
energy, E = h̄ω excite an electron from the core levels to the unoccupied states as
shown in Fig. 2.1.

X-rays

E
F
 

unoccupied states (CB)

occupied states (VB)

core levels

Figure 2.1: Schematic of X-ray absorption.

The creation of the core hole leaves the atom in a highly excited state. The relax-
ation of core holes occur via radiative or non-radiative processes. Auger electron spec-
troscopy is based on the non-radiative decay of core holes while X-ray emission spec-
troscopy is based on the radiative decay of core holes. In the radiative decay, an elec-
tron from a higher subshell compensates the core hole and the corresponding energy
difference is emitted as a photon possessing a different energy than the incoming X-ray
photon [15].

In Auger electron decay, the core hole is filled by an electron from a higher sub-
shell and the resultant energy difference is transferred to another electron in the atom,
which gets ejected. Hence the final state consists of two holes after the Auger electron
emission. But, in this case, the final state has a lower energy than the initial state (after
X-ray absorption) which had one hole in the core level [15]. An Auger process is named
according to the shells involved, for example, the LMM Auger transition involves the
initial core hole in the L shell, relaxation of an electron from an M shell and consequent
ejection of electron from the M shell. The creation of a photoelectron which forms the
basis for X-ray photoelectron spectroscopy as well as Auger electron emission and flu-
orescence emission are schematically depicted in Fig. 2.2. The kinetic energy of an
emitted Auger electron is independent of the initial excitation energy. Auger processes

17
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X-rays

E
F
 

unoccupied states (CB)

occupied states (VB)

photoelectron

core levels

 
Fluorescent 
photon

Auger electron

Figure 2.2: Schematic representation of fluorescence decay, Auger electron emission and X-ray photo-
electron ejection.

in which the initial core hole as well as the relaxing electron have the same principal
quantum number are termed as Coster-Kronig (CK) and super-Coster-Kronig (sCK)
Auger transitions.

The photoabsorption transitions are governed by selection rules and the final states
can be found out for different transitions using selection rules. The dipole selec-
tion rules for the photoabsorption electric dipole transitions are: ∆l = ±1, ∆s = 0,
∆j = 0,±1 and ∆ml = +1 for left circular polarization, ∆ml = −1 for right circular
polarization and ∆ml = 0 for linear polarization of light, where l is the orbital angu-
lar momentum quantum number, s is the spin quantum number, ml is the magnetic
quantum number and j is the total angular momentum quantum number. Examples of
allowed transitions for 3d metals include 2p → 3d, 4s. Selection rules for quadrupole
transitions allow ∆L = ±2, 0, but these transitions are much weaker than the dipole
transitions.

X-ray absorption spectrum In X-ray absorption spectroscopy, the absorption cross
sections are plotted as a function of absorbed photon energy. At certain photon ener-
gies, the absorption increases considerably compared to the background. These ener-
gies are termed as absorption edges. The absorption edges are named according to the
quantum number of the core hole produced in the transition [15].

An X-ray absorption spectrum is generally divided into four regions depending on
the energy. The first one is the pre-edge region, with E < E0, where E is the energy
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of the incident beam and E0 is the energy at the absorption edge. The features in
the pre-edge region usually have only small intensities and are attributed to electron
transitions from the core level to the higher unfilled or half-filled orbitals (e.g., s → p,
or p→ d).

X-ray absorption near edge structure (XANES) occurs in the energy range given by
E = E0 ± 10 eV. The features in this region result from the transitions of core elec-
trons to unoccupied energy levels. Another region is near edge X-ray absorption fine
structure (NEXAFS), which is 10 eV up to 50 eV above the edge (E− E0 is small) and
occurs due to the multiple scattering of ejected photoelectrons by atoms of the first
and higher coordinating shells. The extended X-ray absorption fine structure (EXAFS)
starts approximately from 50 eV and continues up to 1000 eV (E− E0 is large) above
the edge. This energy region is dominated by single scattering of the photoelectrons
by the nearest neighbouring atoms.

2.1.1 Measurement methods

Three most important methods are employed for detection of X-ray absorption in
solids and they are transmission, X-ray fluorescence and electron yield (EY). In trans-
mission method, X-rays are transmitted through the sample and due to the loss of
photons through core electron excitation to empty states, the transmitted X-ray inten-
sity drops at the absorption edge. This method is best suited for the studies of thin foils
[16].

Fluorescence yield method is based on the fluorescence decay of the core hole. Flu-
orescence decay is already shown in Fig. 2.2 and described therein. The core holes
produced after absorption are filled by valence electrons accompanied by the emission
of photons. For core levels below 1 keV, Auger decay is predominant and fluorescence
decay increases with further increase in energy. Thus, for 3d metals, the core levels are
dominated by Auger decay and K edges show strong fluorescence decay. This method
is not well suited especially for the study of surfaces because the photon created as
the result of fluorescence decay has a mean free path of the same order as that of the
incoming X-ray, thus the surface effects are mostly excluded [15].

In the electron yield (EY) method, the absorbed photons create core holes that are
filled by Auger electron emission. The total number of emitted electrons is directly
proportional to the absorption probability. The emitted electron yield can be simply
measured as a current with an ammeter which measures the electrons flowing back to
the sample from ground. EY detection directly gives a spectrum that is proportional
to the X-ray absorption coefficient or the absorption cross-section because the yield is
directly proportional to the probability of X-ray absorption. This method is well suited
for measurements on surfaces because of the high sensitivity to the near surface region
and layers. In total electron yield (TEY), all electrons emerging from the sample are
detected and since the electrons interact more strongly with solids than X-rays do, the
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electrons emerging out are more from the surface. The probing depth of total electron
yield depends on the material studied and is typically in the range of 3-10 nm [15].

In EY, the energy of the escaped electrons can be detected with the help of an elec-
tron energy analyzer and this is known as partial electron yield (PEY) detection. PEY
is found to be surface sensitive especially below 1 keV which is due to electron scat-
tering and this also gives less background compared to TEY. The detection method
chosen for the experiments described in this thesis is total electron yield (TEY) since
the experiments deal with the surface layers of the sample. The consistency of TEY
measurements was checked by measuring in partial electron yield (PEY) also. It is
observed that the two methods yield similar results.

2.2 X-ray magnetic circular dichroism

In magnetic metals, a difference in majority and minority valence spin states exist. This
spin polarization of unoccupied states created due to the exchange interaction in the
valence states leads to an energetic shift between the two partial densities of states. By
using a spin dependent absorption process, the measurement of intensity difference
corresponding to the difference between the number of spin-up and spin-down holes,
i.e., the magnetic moment, is feasible. This forms the basis for XMCD spectroscopy
[16].

X-ray magnetic circular dichroism is defined as the difference in absorption for left
and right circularly polarized X-rays due to the magnetism of the sample and can be
represented as [16],

∆I = I↑↓ − I↑↑ (2.10)

In the simplest approach, a one-electron model where the valence states exhibit a
Stoner splitting (due to exchange interaction) along with a two-step approach can be
used to understand XMCD. In the first step, circularly polarized X-rays interact with
magnetic material producing spin polarized photoelectrons from a localized atomic
inner shell of the material with a spin and orbital momentum as a consequence of the
conservation of angular momentum of the incident X-rays. In the second step, the spin
split valence state serves as the detector for the spin of the excited photoelectrons [16].

The XMCD effect depends mainly on three factors (1) degree of circular polarization
(2) the expectation value of the magnetic moment of the 3d shell (3) the angle between
the directions of the photon angular momentum and the magnetic moment [16].

The sample magnetization direction M and the photon spin or angular momentum
are made collinear in order to obtain maximum XMCD effect. Experimentally, XMCD
is measured either by changing the angular momentum of incoming light by keeping
the magnetization constant or by fixing the X-ray photon spin direction and switching
the magnetization direction of the sample. [16]
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Figure 2.3: Schematic representation of the XMCD process at the L2,3 edges of Fe as an example as
described in [16]. Fe DOS is adopted from [11].

A schematic of XMCD is depicted in Fig. 2.3 with bulk Fe as an example. The 3d
band in Fe is split into spin up and spin down bands as shown in Fig. 2.3. The circularly
polarized X-rays produce spin polarized photoelectrons from the core level due to spin
orbit coupling. The 3d valence states in Fe are spin split which act as a detector to the
spin polarized photoelectrons. The different light polarizations probe different valence
3d states. At the Fe L3 edge, the left circular light probes the spin up 3d states with
respect to the direction of the magnetization which gets reversed for the L2 edge due
to the sign reversal of spin orbit coupling [16]. Hence a dichroism effect originates with
different light polarizations.

XMCD spectroscopy can be used to evaluate the spin and orbital magnetic moments
of magnetic materials with the application of sum rules. Sum rules are equations based
on integrated spectra and for XMCD, it involves projections of the spin 〈Sz〉 and orbital
〈Lz〉 angular momentum of the absorbing species. According to the XMCD sum rules
by Thole and Carra [17, 18], the orbital and spin moments of ferro and ferrimagnets
can be determined from the XAS and XMCD spectra.

The sum rule for the orbital moment as derived by Thole and co-workers is given by
[17],

ρ ≡

∫
edge dω(µ+ − µ−)∫

edge dω(µ+ + µ− + µ0)
=

1
2

c(c + 1)− l(l + 1)− 2
l(l + 1)(4l + 2− n)

〈Lz〉 (2.11)
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where 4l + 2− n represents the number of holes in the valence shell, µ0 = (µ+ +

µ−)/2, µ+ is the absorption spectra with the magnetic field parallel to the photon an-
gular momentum vector.

The spin sum rule from Carra and co-workers is given as [18],

δ =

∫
j+ dω(µ+ − µ−)− [(c + 1)/c]

∫
j− dω(µ+ − µ−)∫

j++j−
dω(µ+ + µ− + µ0)

=
l(l + 1)− 2− c(c + 1)

3c(4l + 2− n)
〈Sz〉

+
l(l + 1)[l(l + 1) + 2c(c + 1) + 4]− 3(c− 1)2(c + 2)2

6lc(l + 1)(4l + 2− n)
〈Tz〉

(2.12)

2.2.1 Analysis of XMCD spectra

The orbital as well as spin moments of magnetic materials can be calculated from the
integrated areas of XMCD and isotropic XAS according to the sum rules. The pro-
cedure of extraction of spin and orbital magnetic moments from the XMCD spectra
according to Chen et al. [5] is explained in Fig. 2.4 using Fe L2,3 edges XAS as well as
XMCD spectra as an example. Figure 2.4(top) shows the photon flux normalized TEY
absorption spectra of Fe films on BaTiO3 measured at the Fe L2,3 edges in grazing inci-
dence. The difference spectrum (XMCD) is shown in Fig. 2.4(bottom) after correcting
for the incomplete photon polarization as well as the angle of light incidence.

In order to make use of the equations in 2.11 and 2.12, the linear polarized spectral
absorption cross section is required. It is calculated as [µ+ + µ−]/2, where µ+ and µ−
are the absorption cross sections obtained with left and right circular polarizations of
X-rays.

The integral for the whole range of L2 and L3 edges are determined from the inte-
grated XMCD spectrum. This integral value is labelled as ‘q‘. The integration of L3

edge alone is slightly erroneous since some of the L3 signal might overlap with that of
L2. However, the integral for L3 is determined by placing the cut off at the onset of the
L2 white line. The value is labelled as ‘p‘ and is marked accordingly in Fig. 2.4.

L2 and L3 edge jumps are removed from the spectrum by a simple no parameter step
function with the edge jumps in the step function placed at the maximal energy of the
edges. The height of the edge jumps were in the ratio 2/3 (1/3) for L3(L2) edges. The
sum spectrum along with the edge jump to be removed and the integral are shown in
Fig. 2.4(middle). The value obtained after integration of the sum spectra is termed as
‘r‘and is shown in Fig. 2.4(middle).

For the results explained in this thesis, the 3d electron occupation number is assumed
to be 6.61 for Fe based on theoretical calculations [19, 5]. By substituting the integral
values as p, q and r in equations 2.11 and 2.12, the expressions for orbital and spin
magnetic moments in 3d transition metals can be modified as,
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Figure 2.4: Illustration of spin and orbital magnetic moment calculation procedure as explained by
Chen et al. [5]. Fe L2,3 edge absorption spectra measured with different polarizations
of light (top), resultant XAS spectra and integral (middle), resultant XMCD spectra and
integral (bottom). The different labels p,q and r are explained in the text.

morb = −4q(10− n3d)/3r (2.13)

and,

mspin = −(6p− 4q)(10− n3d)/r (2.14)

where n3d is the electron occupation number in the valence shell.
This procedure for the calculation of magnetic moments shows excellent agreement

with the predicted theoretical values as well as gyromagnetic measurements [5].
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2.3 X-ray magnetic linear dichroism

X-ray magnetic linear dichroism effect is defined as the difference in X-ray absorption
intensity with the electric vector of the linear polarized X-rays aligned parallel and
perpendicular to the spin direction of the sample [16]. The XMLD difference intensity
is given by,

∆I = I‖ − I⊥ (2.15)

XMLD effect stems from the unequal spectral contribution from charge anisotropies
induced by the exchange and spin–orbit interactions which cause a uniaxial spin align-
ment relative to the easy magnetic axis of a magnetically ordered sample. In XMLD
effect, the measured anisotropy is the result of nonsymmetrical charge distribution
around the absorbing atom. If the charge anisotropy is due to bonding alone it is
termed as “natural” linear dichroism and when it has a magnetic origin it is called
“magnetic” linear dichroism [16].

Experimentally, XMLD can be measured in two ways- (1) by using a fixed sample ori-
entation relative to the linearly polarized X-rays and by rotating the magnetization of
the sample between the easy and the hard directions by a sufficiently strong magnetic
field (2) by magnetizing the sample along the easy axis and measuring the absorp-
tion with the easy axis either parallel or perpendicular to the X-ray electric field vector
(E-vector) by rotating the E-vector relative to the sample or the sample relative to the
E-vector [16]. The XMLD intensity depends on the expectation value of the square of
the magnetic moment i.e., 〈m2〉 and hence can be very useful in the measurement of
antiferromagnetic systems such as NiO and ferrimagnetic systems such as Fe3O4.

2.4 X-ray photoemission spectroscopy

X-ray photoemission spectroscopy (XPS) is based on the photoelectric effect whereby
monochromatic light such as X-rays cause emission of electrons upon interaction with
a sample. XPS is a surface sensitive measurement technique due to the low inelastic
mean free path of electrons in solids.

When X-rays interact with matter, an electron from the core or valence states is ex-
cited into the vacuum and ejected as a free electron. According to Koopmans’ theorem,
it is assumed that the excitation of one electron does not change the energies of the re-
maining electrons. The kinetic energy of these ejected electrons can be measured using
an electron analyzer and the binding energy can be written as,

Ekin = hν + Ebind −Φ (2.16)

where Ekin is the kinetic energy, hν is the energy of the incident photons, Ebind is the
binding energy of the electron and Φ is the work function.
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The quantum mechanical description of the photoemission process is analogous to
X-ray absorption process. Hence, the transition probability per unit time Wi→ f , from a
state |i〉 to a state | f 〉 is described by Fermi‘s Golden rule:

Wi→ f =
2π

h̄
|〈 f |Ti→ f |i〉|2ρ(E f ) (2.17)

where Ti→ f denotes the interaction operator. In the first order the interaction opera-
tor Ti→ f is equal to the interaction HamiltonianHint.

By neglecting the two-photon process and also by assuming the radiation wave-
length to be far higher than the atomic distances, the interaction Hamiltonian Hint

takes a simpler form given by,

Hint =
e

mec
p ·A (2.18)

A schematic of XPS process is shown in Fig. 2.2. X-rays with an energy E = hν excite
an electron from the core levels to the vacuum as a free electron as depicted in Fig. 2.2.
The core hole state is the same as that described for X-ray absorption and hence the
relaxation process of the core hole is also the same as that described in section 2.1.

Resonant photoemission In resonant photoemission, photons with an energy near
the absorption threshold of a core level are used. The direct photoemission of valence
band electrons then interfere with the Auger core-valence-valence (CVV) electrons that
are emitted resulting in an intensity enhancement in the valence levels.
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3 Experimental

The experiments described in this thesis were performed in an ultra high vacuum
(UHV) chamber situated at MPI, Halle. In this chapter, brief descriptions of the differ-
ent experimental techniques are given in section 3.1 followed by the details of materials
used and their methods of preparation in section 3.2.

3.1 Experimental apparatus and techniques

UHV chamber The UHV apparatus is made of stainless steel and is maintained at
MPI Halle. It provides a vacuum of the order of 2×10−10 mbar. A schematic side
view of the apparatus is given in Fig. 3.1. It consists of basic vacuum components
such as pressure gauges, turbo molecular pumps, ion pumps and titanium sublimation
pumps. As shown in Fig. 3.1, the UHV apparatus comprises of two sets of chambers,
an upper chamber for preparation and characterization of investigated materials and
a lower chamber for magnetic measurements.

A manipulator is attached above the upper chamber which can be moved in all three
directions X, Y and Z as well as rotated about polar and azimuthal angles for trans-
fer, preparation and measurements of samples. The samples to be investigated are
mounted onto tantalum sample holders using tantalum strips. The sample holder is
placed in the manipulator which is provided with liquid N2 and He cooling.

The upper chamber is equipped with a 4-fold metal e-beam evaporator for the epi-
taxial growth of thin films and a quartz crystal monitor for thickness calibration. It also
has Auger electron spectroscopy, low-energy electron diffraction (LEED) and magneto-
optic Kerr effect (MOKE) setups for the characterization of samples and preliminary
magnetic measurements. The lower chamber is arranged in such a way that it can
be attached to a synchrotron beamline in order to conduct X-ray absorption measure-
ments. It is equipped with two magnetic coils which operate using current pulses for
magnetic field generation in the horizontal as well as vertical directions, which enables
magnetization parallel or perpendicular to the surface of the sample. A maximum field
of 50 mT can be generated using these coils. The chamber is provided with a load-lock
set-up to enable the vacuum transfer of sample to the preparation chamber. Samples
prepared in other chambers can also be vacuum transferred to this chamber with the
help of the load-lock system. Additional free ports allow for mounting pressurized
oxygen and other gases in the chamber. The samples studied in this thesis were all
prepared in this chamber unless otherwise indicated.



Experimental

Figure 3.1: Schematic side view representation of the UHV chamber used to conduct the experiments
mentioned in this thesis.

The different experimental techniques employed for sample preparation and mea-
surements are sputtering, annealing, evaporation, Auger electron spectroscopy (AES),
low-energy electron diffraction (LEED), magneto-optic Kerr effect (MOKE), X-ray pho-
toelectron spectroscopy (XPS), scanning electron microscopy (SEM), energy disper-
sive X-ray (EDX) spectroscopy and X-ray absorption spectroscopy (XAS) which are
described below.

Sputtering The chamber is equipped with a Physical Electronics sputter ion gun to
clean the sample surfaces. Sputtering is the process of physical evaporation of atoms
from a surface through the momentum transfer by bombarding energetic ions (for ex-
ample, argon ions) accelerated in an electric field. The pressurized argon gas required
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for sputtering was mounted to a flange at the sputter ion gun.

Annealing A filament is placed just below the sample holder in the manipulator and
samples can be annealed to temperatures above 1100 K, with or without O2 atmo-
sphere through electron bombardment heating by increasing the filament current. The
annealing temperature can be controlled by an N-type thermocouple attached to the
sample holder.

Evaporation The thin films mentioned in this thesis have been prepared through
metal e-beam evaporation. In this technique the atomic or molecular beams produced
from Knudsen cells are used to prepare atomic thick films on suitable substrates. The
rate of evaporation was determined using a quartz crystal monitor and stable growth
rates were acquired by the control of the electron beam current and the outgoing ion-
ized particle flux of the evaporator.

Auger electron spectroscopy (AES) The creation of Auger electron is already dis-
cussed in the previous chapter. AES is based on the principle of release of Auger elec-
trons. In brief, when an atom gets bombarded with an electron beam, the core level of
the atom gets ionized and a subsequent rearrangement occurs in order to reach a lower
energy state which leaves the atom in a doubly ionized state and the energy difference
between these two states is compensated by the ejection of an Auger electron [15].

Auger electron spectroscopy was employed to study the cleanliness of substrates as
well as the chemical composition of substrates and thin films. The AES setup con-
sists of an electron gun which generates a focussed electron beam. This electron beam
hits the sample and ionizes it. In the present setup, the electron gun from Varian was
usually operated at 3 keV. The emitted Auger electrons from the sample are deflected
back to a cylindrical mirror analyzer and are detected. The electron multiplier multi-
plies the electrons and these electrons are analyzed using data processing electronics.
These Auger electrons can then be plotted as a function of energy to generate an AES
spectrum. Typically, Auger electron spectra are measured in the derivative mode by
modulating a small AC voltage at the sweep supply. Measuring in the derivative mode
helps to understand the usually low intensity Auger peaks better.

Low-energy electron diffraction (LEED) Being one of the versatile experimental
techniques used for surface structure determination, LEED was employed in order to
check the long range order of surfaces and thin films. In LEED, electrons possessing
well defined kinetic energies (typically 10-1000 eV) incident normal to a sample sur-
face. These electrons get backscattered and generate an electron diffraction pattern at
a screen. Upon interaction with the sample surface, the electrons loose kinetic ener-
gies mainly through the inelastic scattering processes such as plasmon- and phonon
excitations as well as electron-electron interactions. LEED image thus formed at the
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screen can be qualitatively understood by considering the scattering of electrons by
the atoms of a sample surface and hence provides information regarding the periodic-
ity and structure of surfaces [20].

The chamber is equipped with an Omicron LEED system mounted on the top cham-
ber. The LEED optics consists of an electron gun, a detector, electrostatic grids and
a screen. The electron gun generates a monochromatic beam of electrons (typically
10-1000 eV) which gets incident normal on a sample surface and gets backscattered.
The grids are used to remove inelastically scattered electrons. The present optics oper-
ates with a 4-grid system. The elastically scattered electrons are accelerated towards a
phosphorescent screen and they appear on the screen as bright white spots. This LEED
pattern corresponds to the image of the reciprocal space and the LEED spot intensity
is proportional to the number of electrons in the corresponding beams.

Magneto-optic Kerr effect (MOKE) The MOKE setup in this chamber helps to mea-
sure hysteresis loops in both polar and longitudinal modes. The setup consists of a He-
Ne laser which delivers a laser beam into the chamber. The laser beam passes through
a polarizer filter and a photo-elastical modulator which provides a periodic modula-
tion at 50 kHz of the light polarization. Then, it passes through the bore of a magnet
(labelled as MOKE magnet in Fig. 3.1), the magnetic coil can be driven by a power
supply and provides a maximum magnetic field of 60 mT. The laser beam then hits the
sample. Measurements in the polar and longitudinal modes are taken by rotating the
sample to different geometries. The laser beam gets reflected from the sample and exit
through two different MOKE windows (each for the polar and longitudinal modes)
which have detection system. The detection system consists of a polarizer filter and
a photodiode to record the reflected light. A signal amplifier combined with a lock-in
system is used to measure the detected Kerr signal. The Kerr ellipticity which is thus
directly measured is proportional to the magnetization of the sample.

X-ray photoelectron spectroscopy (XPS) The XPS measurements were performed
in the VSW XPS analyzer at the BACH beamline, Elettra. Typically, the XPS setup com-
prises of an X-ray source (in this case it is the synchrotron radiation) and an electron
energy analyser, combined with a detection system (in this case, it is the hemispheri-
cal sector analyser (HSA)). A lens system in the HSA focus the photoelectrons leaving
the sample surface to the focal point of the analyser. The HSA contains two plates or
hemispheres carrying a constant voltage. The electrons on entering the analyser expe-
rience an electric field and consequently travel through a trajectory and get focussed
at the exit slit. Only those electrons matching the pass energy (user defined analyser
energy) will enter the hemispherical analyzer, focus at the exit slit and get detected by
a channeltron electron multiplier detector. By ramping up the retarding field potential,
detected photoelectrons are counted as a function of energy.
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Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) spec-

troscopy The scanning electron microscopy (SEM) images of samples have been
recorded ex-citu after removing from the UHV chamber. The SIGMA series scanning
electron microscope from Zeiss, is situated at MPI, Halle. SEM uses a focused beam of
electrons to produce an image of the sample. The main components of SEM include an
electron gun which produces a collimated electron beam, electron lenses which focus
the electron beam, deflection plates to deflect the electron beam in the x and y axes
so that it scans in a raster fashion over the sample and electron detectors to detect the
signal. Due to the interaction of the high energy electron beam with the sample sur-
face, secondary electrons and backscattered electrons are created which contribute in
the imaging of the morphology, topography and contrast of samples.

The X-ray radiation emitted from the sample due to the interaction with the high
energy electron beam can be analysed with a detector to generate a spectrum. This
method is known as energy dispersive X-ray spectroscopy (EDX). Since the emission
of X-rays is specific to elements, the spectrum generated is highly element specific.
Hence, this technique is employed for the detection of constituents of samples analysed
in SEM. The EDX system at MPI, Halle uses the Quantax 400 (XFlash 5030) detector
from Bruker.

X-ray absorption spectroscopy (XAS) Spectroscopic investigations such as XAS,
XMCD and XMLD require synchrotron radiation sources owing to the high collima-
tion, high intensity, high photon flux and energy tunability. Synchrotron radiation is
the electromagnetic radiation produced by accelerated charged particles (electrons or
positrons) when they hit the curved parts of a storage ring. Synchrotron radiation is
emitted tangential to the curved portions of the storage ring.

By installing Insertion devices (ID), such as undulators in the storage ring, variable
polarization of light can be obtained. Undulators are periodic structures composed of
dipole magnets [21]. They produce electromagnetic radiation from the electron beam
since electrons radiate energy while traversing through a magnetic field. By changing
the gap distance between upper and lower magnetic arrays, the magnetic field strength
of the undulator is changed which results in a change in photon energy. By moving
the relative position between the two magnetic arrays (phase shift), the polarization of
light can be varied to circular, elliptical and linear.

The soft X-ray synchrotron measurements described in this thesis have been per-
formed at UE56/2-PGM beamlines (BESSY II, Helmholtz Zentrum, Berlin), BACH
beamline (Elettra, Trieste) and I1011 (MAXlab, Lund). The measurements presented
in chapter 5 have been done at Elettra, the magnetization loops in chapter 4 have been
recorded at MAXlab and all other measurements have been from UE56/2-PGM beam-
lines. The absorption spectra measured from BESSY II have also been compared to the
measurements from MAXlab and Trieste.

BESSY II has three beamlines of the UE56/2 PGM type. The first one is UE56/1-
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PGM which is maintained by HZB staff and the other two beamlines of this type are
UE56/2-PGM1 and UE56/2-PGM2 which are maintained by the Max-Planck-society.
The investigations in this thesis were performed on UE56/2-PGM1 and UE56/2-PGM2
beamlines which are highly equivalent.

The UE56/2 PGM is an elliptical undulator beamline which provides soft X-rays in
the energy range 50-1300 eV [21] with polarisation tunable to linear or circular which
is appropriate for the XAS and XMCD examination of our samples (Fe L2,3, Ti L2,3, O K
edge and Ba M4,5). The beamline uses a Sasaki type elliptical undulator as insertion
device. The beamline employs a collimated plane grating monochromator (PGM) and
refocusing mirrors. A high degree of circular polarization (P> 0.8) is achieved for
most of the energy range [21]. The radiation passes through a gold mesh in the last
refocussing mirror in the beamline before falling onto the sample. This results in the
emission of photoelectrons giving rise to a current. This current is proportional to
the incident radiation and thus serves to normalize the measured absorption intensity
to the number of incoming photons. The beam size at the sample is in the range of
1×1 mm2. High fluxes of the order of 4×1015 photons/s were obtained typically.

M

θ
φ

Figure 3.2: Experimental geometry of XMCD measurements

The absorption measurements have been conducted in the total electron yield (TEY)
mode by measuring the drain current with a picoammeter. The measured spectra were
normalized to the incoming photon flux by dividing the measured sample current with
the photocurrent of the last refocussing mirror in the beamline. A linear background
intensity at the pre-edge region is subtracted from these absorption spectra.

The measurement geometry for the XMCD measurements is specified in the
schematic given in Fig. 3.2. The consistency of XMCD signal was checked by keep-
ing the magnetization of the sample (labelled M) constant and by changing the light
polarization and vice versa. Results obtained from both type of measurements have
been found to be similar.
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3.2 Materials and methods of preparation

The relevant materials investigated in this thesis are introduced in this section. The
focus of this section is on the description of general properties as well as preparation
methods.

3.2.1 BaTiO3(001)

BaTiO3 is a ferroelectric material which is widely used in the manufacture of elec-
tronic components and electro-optic devices due to its high dielectric constant. It has
a perovskite-like structure which can be represented by the formula ABO3 where the
cations A and B have different sizes. The BaTiO3 structure is formed by the oxygen
octahedra with the octahedral hole occupancy of smaller cations and the dodecahedral
hole occupancy of larger cations. The structure of a unit cell of BaTiO3 is depicted in
Fig. 3.3.

Ba O Ti

Figure 3.3: Structure model of BaTiO3

BaTiO3 was the first developed piezoelectric ceramic. At room temperature, the sin-
gle crystalline BaTiO3 has a band gap of 3.2 eV. The BaTiO3 lattice changes its crystal-
lographic dimensions upon changing the temperature due to the distortion of the TiO6

octahedra. Between 278 and 393 K, BaTiO3 has tetragonal crystalline structure. Above
393 K, BaTiO3 exhibits cubic geometry. Below 278 K, BaTiO3 changes to orthorhombic
and another phase transition occurs at 183 K below which BaTiO3 is rhombohedral [9].

Preparation of BaTiO3(001) single crystals Commercially available (001) sur-
faces of single crystal substrates of BaTiO3 (supplied by MaTeck: dimensions
5 mm×5 mm×1 mm) of good crystalline quality have been used for the measurements.
The BaTiO3 substrate used for measurements was prepared by Ar+ ion bombardment
for 10-15 minutes at room temperature. The hot filament emission current was of the
order of 30 mA and kinetic energies in the range 500 eV-1 keV have been used which
resulted in sample currents typically in the range of 1 to 5 µA. After argon (Ar+) ion
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sputtering, the crystal was subsequently annealed in an oxygen atmosphere (pO2= 1×
10−6 mbar) at 1075 K for 10 minutes to remove carbon impurities and to restore sur-
face order. With the high temperature annealing, carbon left over at the sample surface
after annealing will be converted to CO2 and pumped away.

The surface preparation plays an important role for BaTiO3 since visibly the crys-
tal turned bluish black from transparent upon annealing. Annealing creates oxygen
vacancies which are necessary to make the BaTiO3 electrically conducting to enable
different surface sensitive measurements such as LEED, XPS and XAS. The cleanliness
of the substrate has been examined by AES and XPS. Auger electron spectra showed
no C lines indicating the cleanliness of the surface. The structural ordering has been
studied through LEED. The long range order in the substrate is confirmed by the pres-
ence of sharp spots. (2×2) spots were also obtained at some energies probably as a
result of oxygen vacancies. It is already reported for SrTiO3(100) surfaces that anneal-
ing in UHV creates oxygen vacancies and gives rise to a (2×2) superstructure [22, 23].
Details of BaTiO3 characterisations will be discussed in the next chapter.

BaTiO3(001) layer samples BaTiO3(100) layer samples prepared by two different de-
position techniques - pulsed laser deposition (PLD) and magnetron sputtering have
been employed for the XAS measurements. The BaTiO3(001) layers were grown on
SrTiO3(100) by PLD. The BaTiO3(001) layers were grown on Pt(100) by magnetron sput-
tering. Fe films were later evaporated onto BaTiO3(001)/Pt(100). Details regarding the
growth and characterizations of the BaTiO3(001)/Pt(100) can be found in [24].

3.2.2 Fe

One of the strongest and earliest known ferromagnetic material, Fe has a Curie
temperature of 1043 K and a high room temperature saturation magnetization of
1714 emu/cm3. At room temperature, Fe has a body-centered cubic structure with
a lattice parameter of 2.866Å. The magnetic easy axis is found to be along the [100]
direction for bcc Fe [25]. The magnetic moment in Fe originates from the difference
in the number of occupied states between the majority and minority bands of valence
band. Valence band splitting occurs due to the positive exchange interaction [26]. For
thin films and surfaces, the d band and surface resonance states are narrowed due to
the reduced coordination and broken symmetry, thereby resulting in changes in the
magnetic properties [26].

Epitaxial growth of Fe thin films Ultrathin layers of Fe have been deposited on
BaTiO3(001) by e-beam evaporation from a metal e-beam evaporator at a pressure
2×10−9 mbar at room temperature from Fe rods of high purity (99.9%) which were
also thoroughly outgassed. Film thickness has been calibrated using a quartz crystal
monitor. The evaporation rate for Fe was 0.7 MLE/min. Monolayer equivalent (MLE)
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is referred to the amount of Fe in a homogeneous film having bulk structure and a
thickness of 1.4 Å.

Uniform film Wedge shaped film

substrate substrate

a b

Figure 3.4: Schematic of the two types of samples investigated in this thesis (a) uniform thin film (b)
wedge shaped film.

Uniform Fe film samples were prepared along with wedge shaped film samples. The
two types of samples are schematically illustrated in Fig. 3.4, where (a) shows a uni-
form thin film on the substrate and (b) shows a wedge shaped film. For the evaporation
of a wedge shaped Fe film, the sample was slowly moved down with manipulator. A
shutter was used to cover the sample. By moving the sample down, the substrate got
deposited with Fe from the evaporator as the sample slowly came out of the shutter
cover. The motor program of the manipulator allows for a controlled motion of ma-
nipulator which can be set according to the desired sample thickness. Thus the longest
evaporation time leads to the highest thickness of Fe film.

The as prepared films were later annealed to 373 K to release strains and to provide
a better ordering. The films have been characterised by means of AES which recorded
Fe peaks. The long range order in films has been investigated using LEED. The growth
and electronic structure of the layers have been studied by XPS and XAS.

3.2.3 Fe3O4

Fe3O4 (magnetite) is a mixed valence oxide consisting of Fe ions in two ionic states
Fe2+ and Fe3+ which crystallizes in the cubic inverse spinel structure. It is formed
by the cubic close packed oxide (O2−) ions and the Fe ions occupy octahedral and
tetrahedral sites. The Fe3+ ions occupy a quarter of the tetrahedral sites. Fe3+ and
Fe2+ ions occupy half of the octahedral sites. Hence, the Fe ion in a tetrahedral site is
surrounded by four O2− ions and the Fe ions in octahedral sites are surrounded by six
O2− ions [14]. The Fe3O4 unit cell has dimensions a=8.39Å.

The arrangement of Fe ions in these two sites result in complex exchange interactions
between and within these sites. And, Fe3O4 is ferrimagnetic with a Curie temperature
of 858 K. Interestingly, Fe3O4 undergoes a phase transition at 120 K, known as Verwey
transition whereby the conductivity of Fe3O4 drops by two orders of magnitude in
the low temperature phase [27]. This transition is accompanied by a change in the
structure and magnetic properties with the structure changing from cubic phase above
the transition to monoclinic phase below 120 K [28]. However, contradicting reports
regarding a fluctuating mixed valence state question the validity of the charge ordering
as Fe2+ and Fe3+ [29, 30]. This suggests that the assignment of integer 2+ and 3+

charges to the Fe ions might not be appropriate.
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In the [100] direction of Fe3O4(001), two types of surface terminations are possible,
one with oxygen and octahedral iron (B layer) and the other with tetrahedral iron (A
layer) [31, 32]. These two layers alternate in the [100] direction.

Epitaxial growth of Fe3O4 thin films Fe3O4 films investigated in this thesis have been
prepared by reactive evaporation of Fe in an O2 atmosphere. During evaporation, the
substrate has been maintained at 573 K and the O2 pressure in the chamber was kept
at 2×10−6 mbar. The thickness of these Fe3O4 films has been calibrated by a quartz
crystal monitor and by using X-ray absorption spectroscopy. The evaporation rate was
2Å/min. Similar to Fe, thin uniform film as well as wedge shaped film samples of
Fe3O4 have been evaporated.

The as prepared films have been then post annealed to higher temperatures (673 K
and 873 K). The stoichiometry of the films has been checked with XAS and XMCD
measurements, details of which are presented in chapter 7.
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4 Growth and magnetism of Fe films
on BaTiO3(001)

Thin films of magnetic materials display improved properties compared to bulk owing
to the reduction in size and consequent dimensionality effects. Especially interesting
are the changes in magnetic properties in thin film magnetic materials due to the inter-
action with a ferroelectric substrate which offer possibilities of future applications. In
this chapter, the characterisation of ferroelectric BaTiO3(001) substrates as well as the
growth and the magnetic properties of ferromagnetic epitaxial Fe thin films deposited
on clean BaTiO3(001) are discussed.

A brief introduction to the state of the art research is presented in section 4.1 fol-
lowed by a detailed description of the characterization of clean BaTiO3(001) substrates
with LEED, XAS and RPES in section 4.2. The growth of Fe ultrathin films on clean
BaTiO3(001) and the interface effects are investigated in section 4.3. The magnetic prop-
erties of the as prepared Fe films are discussed in section 4.4. The main conclusions
drawn from this chapter are summarized in section 4.5.

4.1 Introduction

Materials possessing two or more ferroic properties in the same phase are known as
multiferroics, a term coined by Hans Schmid [33]. The ferroic properties include ferro-
magnetism, ferroelectricity and ferroelasticity. The coexistence of two or more ferroic
properties leads to multiferroic coupling which allows the control of ferromagnetism
with the application of an electric field and vice versa [34]. On the other hand, magne-
toelectric materials are those in which the magnetoelectric coupling exist which results
from the interaction of any magnetic or electric order parameters, for example, param-
agnetic ferroelectrics [35, 36]. Hence, some overlap with the multiferroicity is expected.
The term magnetoelectric was coined by Debye [37] but it was as early as in 1894 that
Curie suggested the possibility of a magnetoelectric behavior [38].

In conventional single phase multiferroic materials, the coupling is small. The fasci-
nating arena of applications and technological relevance due to the coupling between
different ferroic orders initiated the need for materials which combine magnetic as
well as electric components. This made the fabrication and study of novel artificial
dual phase systems extremely popular whereby the materials with desired functional-
ities can be combined to give rise to larger coupling across the interface. A prototype
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of such a multiferroic interface is epitaxial Fe films on BaTiO3 which offers a coupling
of ferromagnetism and ferroelectricity.

Fe/BaTiO3 interface has gained considerable attention as a potential candidate for
multiferroic applications such as in data storage and spintronics. A magnetoelectric
effect has been predicted for the Fe/BaTiO3 interface and ferrolectric control of mag-
netism has been demonstrated later [8, 9]. Recently, it has been shown that magnetic
domain patterns with alternating uniaxial and biaxial anisotropy can be imprinted on
Fe films grown on BaTiO3 consisting of a and c domains [39] which can be utilized for
potential applications. These results have generated particular research interest and
attention on this two phase multiferroic system.

First principles calculations predict a change in magnetic order for Fe films on TiO2

terminated BaTiO3 or PbTiO3 surfaces from ferro- to ferrimagnetic and again to ferro-
magnetic as the thickness of the Fe monolayers increases [10]. First principles calcula-
tions on Fe/BaTiO3 also show the presence of XMCD and magnetism of the first layers
of Fe on BaTiO3 [11]. The experimental realization of these predicted results would be
interesting.

It is well known that the growth of thin films have a profound impact on the mag-
netic properties. Hence, the growth and the characterization of Fe thin films on differ-
ent substrates have been of particular interest. The growth and the morphology of Fe
thin films on SrTiO3 have been investigated in detail [40, 41], where it has been found
that Fe prefers a growth with the formation of islands. However, the morphology and
the growth of Fe ultrathin films on BaTiO3(001) single crystal substrates have not been
investigated in detail so far.

Stability of the interface also plays a crucial role in the magnetic properties of thin
films. Single crystal Fe thin films have been grown on a number of insulator substrates
(such as MgO) and semiconductors (such as GaAs, InAs and Si) [42, 43, 44, 45]. A
considerable intermixing between Fe and GaAs was found whereas the extent of inter-
mixing was found to be comparatively low in the case of Fe on InAs [44]. The interface
between Fe and oxidic substrates has been studied extensively. For example, for Fe on
NiO, the presence of an oxidic layer upto 2 MLE has been found [46]. A weak chem-
ical interaction at the interface has also been observed for Fe on MgO [42]. However,
Fe was found to form an Fe2+ state in substrates such as Al2O3 [47]. The interface
electronic structures of core-shell nanostructures of Fe, Fe2O3, α-Fe2O3 and Fe3O4 on
BaTiO3 have been investigated and it was found that the valence levels of Ti were es-
sentially the same as that of BaTiO3 [48]. Brivio and co-workers observed through XPS
that the Fe at the interface is oxidized with a thickness of around 2 nm for Fe films
grown on BaTiO3 [49]. But, hard X-ray photoemission spectroscopy (HAXPES) stud-
ies by Zenkevich and co-workers on Fe/BaTiO3 proved the absence of oxidation [50].
In this regard, further studies are required to resolve the origin of these controversial
findings.

The magnetism of Fe films has been widely investigated. The magnetic properties
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and the domain structures of Fe have been elucidated on substrates such as GaAs(001)
and MgO(001) [42, 51]. In the study of magnetic thin films, one important topic is
the magnetic anisotropy which determines the direction of magnetization. The inter-
face and surface effects as well as strain play a major role in anisotropy. Shirahata
and co-workers investigated the anisotropy of a 30 nm thick Fe film on BaTiO3 and
found a symmetry switching of the magnetic anisotropy associated with the interface
lattice distortion occurring at the structural phase transition of BaTiO3 [52]. This mag-
netic symmetry change was attributed to a change in magnetoelastic coupling at the
interface [52]. FMR measurements on 30 nm Fe films on BaTiO3/SrTiO3(001) revealed
dual resonance modes which was ascribed to the relaxed Fe in the film interior and
the strained Fe at the interface [53]. However, the magnetic properties of the ultrathin
films of Fe on BaTiO3 remain to be explored in detail.

This chapter focuses on the growth of Fe ultrathin films on BaTiO3(001) and the
investigations of the interface stability and the magnetic properties.

4.2 Characterisation of BaTiO3(001)

As described in chapter 3, BaTiO3(001) is a widely used ferroelectric material with
a variety of technological and industrial applications. The surface preparation of
BaTiO3(001) is also discussed in chapter 3. The surface treatment gives rise to a well
ordered BaTiO3 surface which has been noted from LEED investigations and the sto-
ichiometry has been confirmed with XPS. Resonant photoemission studies have also
been performed to characterize the surface.

4.2.1 Low-energy electron diffraction investigations

After the surface preparation, the long range order of the BaTiO3(001) single crystal
was checked with LEED. The results of the LEED investigations are shown in Fig. 4.1.

Figure 4.1 (a) shows a model for the structure of BaTiO3(001) in top view along with
the inverted gray scale LEED images at 90 eV and 70 eV kinetic electron energies in
(b) and (c). The LEED images have been recorded from a clean BaTiO3 prepared as
mentioned in chapter 3. The alternating layers of BaO and TiO2 of a BaTiO3 crystal
are represented in the structure model. The structure model in Fig. 4.1 (a) assumes
a perfect TiO2 termination without oxygen vacancies or reconstructions, because it is
reported to be energetically more favorable [10]. The unit cell of BaTiO3 is represented
by the black square in the figure. As shown in Fig. 4.1, the surface treatment results in a
LEED pattern with sharp spots indicating a long range order. In addition to the bright
(1 0) and (1 1) spots, weak half order spots (1

2
1
2 ) are obtained at some kinetic electron

energies indicating a weak c(2×2) reconstruction. The integer order spots of BaTiO3

are found to be sharp and the sharpness of the LEED spots point to good crystallinity
of the substrate surface.
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a b c

TiBa O

Figure 4.1: Structure model and LEED images of a clean BaTiO3(001) single crystal surface prepared
by annealing at 1075 K. (a) Top view of the structure model of a BaTiO3(001) surface with
alternating BaO and TiO2 layers, (b) and (c) LEED images from a clean BaTiO3 substrate
at kinetic electron energies 90 eV and 70 eV respectively. The gray scale is inverted in the
LEED images, i.e. black represents high electron density. The black square represents the
unit cell. The position of the half order spot is indicated by the black circle.

The surface reconstruction indicates either relaxation, rearrangement or absence of
oxygen atoms from the top layers. It might occur as a result of the surface preparation
whereby the high temperature annealing in UHV produces oxygen vacancies, thus
leaving the surface reduced, although some of them are compensated by annealing
in an oxygen atmosphere. The c(2×2) reconstruction, hence points to a large number
of oxygen vacancies. At the same time, the presence of the reconstruction at certain
kinetic energies and the absence of it at some parts of the surface, imply the presence
of reconstructed area as small patches on the surface. Hence, it can be assumed that
some oxygen vacancies are present, at the same time, the absence of a large number of
oxygen atoms from the surface can be ruled out.

After annealing, the colour of the crystal changes from transparent to bluish black in-
dicating the reduction of the crystal by the creation of oxygen vacancies. Since oxygen
is a weak scatterer, the c(2×2) reconstruction spots appear as faint. With the absence
of oxygen atoms, the Ti atoms at the surface may also get relaxed at the surface. When
an oxygen vacancy occurs, there must be charge compensation on Ba and Ti than their
original 2+ and 4+ states. Ti will change to 3+ states to compensate for the loss of
oxygen.

The reconstruction can also have a very limited influence on the positions of atoms
to be deposited on top. Theoretical studies have assumed that with the evaporation of
Fe atoms on BaTiO3(001), the Fe atoms occupy the on-top positions on oxygen atoms
[8, 10]. With the missing oxygen lattice points, the first layer of Fe might form voids at
those positions which might get compensated with subsequent layers of Fe atoms.

BaTiO3(001) surface preparations give rise to a number of different surface recon-
structions as reported [54, 55, 56, 57]. Although a number of surface reconstructions
are observed for BaTiO3 like (1×1), (2×1), (2×2), c(2×2), (

√
5 ×
√

5), (3×1), (3×2),
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(6×1) [55, 57, 58, 59, 60] through various surface sensitive techniques, not many struc-
tures have been solved. First principles calculations predict more stability for the TiO-
terminated interfaces of BaTiO3(001) surfaces [61]. Out of the many surface reconstruc-
tions, a structure for the (2×1) reconstruction has been proposed for BaTiO3(001) [56]
with a TiO2 terminated surface. But, at the same time, a similar perovskite SrTiO3(001)
has been widely investigated for the recurring surface reconstructions and various
structures have been quantitatively resolved. It is reported that the annealing in oxy-
gen rich vacuum produces a (2×2) reconstruction at the SrTiO3 surface [62]. Most of
the works proposed a TiO2 rich overlayer for the surface. A combined STM and DFT
study has proposed a double layer TiO2 terminated structure for the (2×2) reconstruc-
tion for SrTiO3 [63]. Quite remarkably, they propose that the structure is not oxygen
reduced. Since BaTiO3 is similar to SrTiO3 in many structural aspects, similar argu-
ments hold in the case of BaTiO3 also. With reference to the reported structures solved
for BaTiO3 [55, 56], the c(2×2) surface reconstruction can possibly be due to a TiO2

termination.
Thus, from the LEED investigations, we can arrive at the conclusion that the surface

preparations give rise to a well ordered and slightly reduced BaTiO3 surface.

4.2.2 X-ray absorption spectroscopy studies

Electronic structure of the as prepared BaTiO3 single crystal surface has been deter-
mined using XAS measurements combined with first principles calculations [64]. High
resolution XAS measurements have been performed on a clean BaTiO3(001) surface
and the spectra were measured at Ti 2p (L2,3 edges), Ba 3d (M4,5 edges) and O 1s (K
edge) in the TEY mode using linear polarized X-rays at room temperature in differ-
ent directions by changing the polar as well as azimuthal angles. For comparison, all
spectra are normalized to an edge jump from 0 to 1.

Figure 4.2 presents the XA spectra at Ti L2,3, Ba M4,5 and O K edges measured in graz-
ing incidence along two in-plane orientations - [100] and [110] directions of BaTiO3.
The spectra shown in Fig. 4.2 match well with the reported experimental and calcu-
lated XA spectra at the Ti L2,3, Ba M4,5 and O K edges and hence the features in the
spectra can be assigned according to the available literature [65, 66, 67, 68, 64, 69].

Figure 4.2(a) shows the Ti L2,3 edges absorption spectra. The Ti L2,3 edges spectrum
originates from the Ti 2p (core level) to 3d (unoccupied state) electronic transitions.
At the Ti L edge, the absorption spectrum consists of two small pre-edge features ob-
served at photon energies 455.8 and 456.4 eV respectively. The L edge is split into L2

and L3 due to spin-orbit interaction and peaks are observed at the L2 and L3 edges at
energies 457.25, 459.3, 462.7 and 464.6 eV. Treating BaTiO3 as a cluster made of Ti and
six oxygen atoms, the 3d states of Ti are assumed to be split into two states assigned as
t2g and eg. The energy separation between the two subbands in Fig. 4.2 is found to be
approximately 2 eV which matches with the splitting between the two states [64, 70].
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Figure 4.2: High resolution X-ray absorption spectra at (a) Ti L2,3, (b) Ba M4,5 and (c) O K edges
from a BaTiO3(001) single crystal surface. The spectra have been measured using the
linear polarization of light in the TEY mode in grazing incidence with the sample at room
temperature. The measurements were performed along the directions as indicated in the
figure legend. The spectra are normalized to an edge jump of unity.

The Ba M4,5 edges absorption spectrum is presented in Fig. 4.2(b). The spectrum
comprises of a pre-edge feature at 779.2 eV and peaks at 782.8 and 797.6 eV respec-
tively. According to theory, the spectral features correspond to the dipole-allowed Ba
3d104 f 0 → 3d94 f 1 transitions [64]. The M5 and M4 features are attributed to the 3d5/2

(at 782.8 eV) and 3d3/2 (at 797.6 eV) core hole states.
The O K edge spectrum is the result of the transitions from O 1s→ p which is shown

in Fig. 4.2(c). The features at the O K edge in Fig. 4.2 are labelled as reported in [64]
to help an easy comparison. The associated energies of features labelled A, A‘, B, C,
D and E are 529.9, 532.6, 535.9, 539.8 and 541.6, 544.4 and 551.4 eV respectively. The
features A and A‘ arise as a result of transitions from O 1s core level to final states with
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O 2p levels hybridized with Ti 3d levels. The energy separation between A and A‘ is
found to be 2.1 eV which corresponds to the crystal field splitting at the Ti L2,3 edges.
The feature B results from transitions to O 2p-Ba 5d hybridized states. The features B
and C are separated by a minimum. The features after the minimum result from the
transitions to final states consisting of O 2p, Ti 4s and 4p and Ba p levels.

A change of X-ray incidence angle from grazing to normal results in a decrease in
the absorption intensity. At the O K edge, minor differences in peak intensity ratio and
features are observed specially in the energy region 530 ±10 eV, for spectra measured
in the [100] and [110] directions.

With the high energy resolution, it is possible to map out very discrete energy shifts
and from Fig. 4.2, a small shift of 0.1 eV photon energy is observed between spectra
measured in the [100] and the [110] directions at Ti, Ba and O edges. The physical
significance of the energy shift lies in the fact that a tetragonal distortion of the TiO6

octahedra is manifested as an energy shift as reported for SrTiO3 by changing the angle
of incidence [69]. Within the BaTiO3 surface, such a distortion can occur due to the
compression or expansion of the Ti-O bond lengths along certain directions due to the
presence of oxygen vacancies, formed as a result of surface sputtering and annealing
treatments. The presence of domains also have an influence on the BaTiO3 lattice and
it is known that the a domains provide a maximum anisotropic lattice strain of 1.1%
in the [100] direction in tetragonal BaTiO3 at room temperature [39] which could result
in an energy shift in XA spectra. However, the shift is found to be consistent at all
the edges measured which might be a small problem in the data acquisition at the
beamline and hence should probably be neglected.

The experimental investigations combined with theoretical calculations at the O K of
BaTiO3 also help in the confirmation of spectral features, the need for such a confirma-
tion coming from the earlier attribution of a very similar spectrum as SrTiO3 O K edge
by Soriano and co-workers [71]. The XA spectra of BaTiO3(001) measured after the
surface preparation is similar to the spectra from bulk and hence it can be understood
that the electronic structure of the BaTiO3(001) surface is not altered much compared
to that of bulk.

4.2.3 Resonant photoemission spectroscopy measurements

In order to study the valence states in BaTiO3, we made use of resonant photoemission
spectroscopy (RPES) and combined it with XAS to study the occupied levels. Resonant
photoemission is a good tool to investigate the Ti 3d - O 2p hybridisation in BaTiO3

responsible for the covalent character of the bond.
In the present study, photoemission data were acquired with photon energies rang-

ing from 455-465 eV, i.e., below and above the Ti 2p core level threshold. With the
photon energy above the Ti 2p core threshold, the excitation of Ti 2p electrons to the
conduction band can be probed. The use of deeper core levels such as 2p is beneficial
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compared to 3p, in a way that they induce a stronger resonant p → d transition and
hence clearer variations in the valence band emission are obtained as the 2p threshold
is passed [72].

Figure 4.3 shows the RPES spectra of the valence band region and the shallow core
levels of a clean BaTiO3 obtained with photon energies near the Ti 2p core level en-
ergies, at room temperature. The different features in the spectra can be identified
and assigned according to available literature for BaTiO3 [73, 54] and valence band of
SrTiO3 [74]. In BaTiO3, the Ti 3d0/3d1 levels are closer to the Fermi level, as described
by the bulk band structure [10]. The feature A observed at around 1 eV binding energy
is contributed by the Ti 3d0/3d1 levels. This is the defect peak arising from reduced
Ti3+ [75]. In the defect free state of BaTiO3, Ba carries a 2+ charge, Ti is 4+ and O is
2−. Ti3+ is created as a result of the charge compensation for O2− vacancies. Hence,
the RPES spectra confirm that the half order spots obtained in the LEED images can
be ascribed to oxygen vacancies due to the surface preparation treatment. A similar
defect state is also discussed in the case of SrTiO3 studied with RPES [74].
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Figure 4.3: Resonant Photoemission spectra at the near valence band region of BaTiO3 single crystal
surface obtained with Ti 2p core level energies. The spectra are offset in the intensity axis
for clarity and the photon energies are listed in figure legend. The different features are
marked and are explained in the text.

The valence band feature which extends from 3-9 eV below the Fermi Energy (EF),
labelled as B, is attributed to the O 2p- O 2p non-bonding states closest to the VBM
and the O 2p-Ti 3d bonding levels at higher binding energies. The broad feature C at a
slightly higher binding energy is the contribution from the spin-orbit split doublets of
Ba 5p states and extends from 13- 18 eV. For BaTiO3(001), the reported binding energy
values corresponding to Ba 5p3/2 are 14.2 and 14.3 eV, for Ba 5p1/2 are 16.1 and 16.2 eV
[54, 73]. The contribution from O 2s is observed at around 22 eV binding energy and is
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denoted D. The reported binding energies for O 2s in BaTiO3(001) are 22.2 and 22.1 eV
[54, 73] which is consistent with our observations.

The spectrum in Fig. 4.3 shows clear intensity enhancements at features A, B and C
at some photon energies. The resonance at feature B is the outcome of two concurrent
processes - excitation of Ti 2p electrons to the 3d states and de-excitation of the valence
band electron from O 2p.

The direct photoemission process involves the ejection of an electron from the initial
state 2p63dn to form the 2p63dn−1 final state. In the resonant photoemission process,
an electron from the 2p6 core level gets excited to the 3d level leading to the 2p53dn+1

excited state, which subsequently decays via an Auger process giving rise to the 3dn−1

final state. This results in the emission of electrons possessing a kinetic energy equiv-
alent to the direct photoemission peak of the 3d. In a defect free BaTiO3, the Ti 3d is
unoccupied and therefore, the resonance occurs via an interatomic process due to the
hybridisation of O 2p and Ti 3d levels similar to that observed in the case of TiO2 [76].
Hence the excitation process remains the same as described involving Ti 2p6, but the
decay process occurs via O 2p orbitals.

The resonant photoemission process in BaTiO3 can be represented as,

Ti2p63d0 + O2p6 + hν→ [Ti2p53d+1]? + O2p6 → Ti2p63d0 + O2p5 + e− (4.1)

where the asterisk denotes the excited state.
Therefore the intensity enhancement at feature B asserts the contribution of Ti 3d in

the valence band and the hybridisation between Ti 3d and O 2p orbitals, although this
hybridisation is well established.

The defect sites are created due to the oxygen vacancies and consequent charge bal-
ance in Ti as Ti3+. From Fig. 4.3, resonance intensity enhancement is also found at the
defect states (A), which is strong at similar photon energies to that of feature B.

Particularly important is the significant intensity increase in the energy region be-
tween 12 and 18 eV represented as C. But, if the intensity enhancement is in the Ba 5p
region, it would indicate that the Ba levels hybridize with Ti energy levels. Hudson
and co-workers have observed an intensity enhancement in RPES at the Ba 5p level in
BaTiO3 using 38 eV photon energy, but attributed it to the absorptions due to higher
order light [73]. In the present case, since Ti 2p photon energies are employed, the
problems with higher order light do not persist. The Ba levels were mostly discussed
as non overlapping since the Ba 5p is almost 17 eV away from the valence band. Also,
the spatial separation of Ti and Ba due to the structural arrangement prevents any
overlap of states.

In order to clearly understand the results and the observed resonance enhancement
in the binding energy region of 10-18 eV, we compared the results from the TiO2(100)
RPES with Ti 2p photon energies [77]. The results are comparable to TiO2(100) since
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BaTiO3 comprises of similar TiO2 octahedrons. With Ti 2p photon energies, Prince
and co-workers observed intensity enhancement at two features with binding energies
between 13-18 eV and they ascribed one of the features to an Auger peak [77]. The
other peak is assigned to final states 3d1L2, with two ligand holes.

From Fig. 4.3, a feature at 11 eV binding energy measured with a photon energy of
463 eV can be isolated, which is found to remain at constant kinetic energy as the pho-
ton energy is varied. The peak corresponds to a kinetic energy of 451.5 eV. Hence, this
can be ascribed to L3VV Auger peaks of titanium which appears at a kinetic energy
of 451.5 eV. In addition, we can also identify another peak at higher binding energies
(19 eV) corresponding to the aforementioned 3d1L2 final states which is marked in
Fig. 4.3. Hence, it is affirmed that the intensity changes are not related to Ba 5p related
resonances, but to Auger electron emission lines. More theoretical investigations will
be helpful to comment on the exact nature of the peak and resonating states. Compar-
ing the intensity changes in the present work to previously reported works, suggests
that the reconstruction does not change the Ti-O hybridisation.

At the O 2s region (feature D), no significant resonance intensity change is noted
which might be due to the energy gap from the valence band thereby making it difficult
to participate in the hybridisation. Also, the O 2s region has much smaller overlap with
Ti 3d levels.

For all features, resonance enhancement is the strongest for the photon energies close
to the peaks of the Ti L2,3 absorption edges. Therefore the resonance PES in Fig. 4.3 can
be compared to the Ti L2,3 edge XAS given in Fig. 4.4. The Ti L2,3 edge XAS measures
the excitation from Ti 2p to 3d levels and thus probes the unoccupied valence states
with Ti 3d character.

The XAS at the Ti L2,3 edges are given in Fig. 4.4 along with the intensity enhance-
ment spectra constructed from the resonance intensity increases at a fixed binding en-
ergy as indicated in the figure legend. The XAS data were recorded in total electron
yield mode by measuring the drain current from the sample. The constructed spectra
at 7 eV and 14.5 eV extend from 455 eV to 465 eV with 1 eV steps. At both the binding
energies a resonance is observed at 461 eV and also at the Ti L2,3 edge maxima indi-
cating 3d character in both the features. The 3d resonance enhancement is found to be
maximum at the energies corresponding to the 2p1/2 and 2p3/2 excitations of the XAS
spectra. The enhancement is found to be absent in the in-between region of these two
excitations. The spectrum constructed from feature C at 14.5 eV is almost similar to the
one obtained from the intensities of feature B. This supports the argument that feature
C can be assigned as a Ti L3VV Auger electron emission line.

From Fig. 4.4, it can be seen that the resonant intensity enhancement corresponding
to the first XAS peak is displayed only by feature A. This indicates that the transitions
involve Ti 3d states. The distortion of symmetry around the Ti3+ ions due to the cre-
ation of oxygen vacancies might result in lifting the degeneracy of the t2g states. This
gives rise to the observed intensity enhancement at the corresponding energies of the
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Figure 4.4: X-ray absorption spectrum at Ti L2,3 edges measured from a single crystal BaTiO3(001)
along with the resonance intensity enhancement spectrum constructed by noting the in-
tensity increase at a fixed binding energy as indicated in the figure legend. For comparison,
the spectra are normalized to unity at 460 eV photon energy.

first L3 edge narrow peak. Detailed theoretical calculations are necessary to under-
stand the states further.

To conclude, the RPES measurements show resonance intensity enhancements ob-
served at features A, B and C. The contribution of Ti states to all these features is estab-
lished through comparison with the Ti L edge XA spectrum. The RPES measurements
at photon energies near the Ti 2p threshold help to identify the Ti L3VV Auger electron
emission line.

4.3 Growth of ultrathin Fe films on BaTiO3(001)

The deposition of Fe layers onto BaTiO3(001) single crystal substrates is already de-
scribed in chapter 3. In this section, the structural long range order and the interface
stability of Fe layers on BaTiO3(001) will be elucidated.

4.3.1 Results of LEED investigations

The structure and long range order of the Fe films have been investigated through
LEED. As mentioned earlier, the BaTiO3 single crystal substrates showed sharp LEED
patterns before evaporation of Fe. On evaporation of the first few monolayers of Fe,
the background intensity increased and the substrate spots became less sharp and with
subsequent deposition, the spots faded away slowly indicating the absence of long
range ordering of Fe atoms. Also, no distinct new features were observed in LEED.
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From 6 MLE onwards, faint and broad (1 0) spots of Fe(001) are observed with the
absence of substrate spots. At 8 MLE thickness, the spots became brighter suggesting
better ordering. With further increase in Fe thickness, the Fe spots became sharper.

The inverted gray scale LEED images obtained from 8 MLE and 26 MLE Fe films on
BaTiO3 at 90 eV kinetic electron energy are presented in Fig. 4.5(a) and (b) along with a
model for the structure of Fe on BaTiO3 in Fig. 4.5(c). The unit cell of Fe is represented
by the magenta square. As discussed above, the spots of 27 MLE Fe LEED image are
sharper and brighter compared to that from 8 MLE with a less intense background.
The model assumes the position of Fe atoms on top of each oxygen atom according to
the theoretical calculations [8, 10].

Fe has a lattice parameter 2.866 Å and that of BaTiO3 is 3.991 Å. Comparing the
substrate LEED spots, it can be seen that Fe grows 45◦ rotated on BaTiO3 in order to
reduce the lattice mismatch. With the rotation of Fe unit cell by 45◦, a small lattice
mismatch of 1.5% is obtained. Hence the epitaxial relation is Fe [110]/ BaTiO3 [100]
which was also assumed in theoretical calculations [8].

cba

TiBa O Fe

Figure 4.5: The inverted gray scale LEED images of (a) 8 MLE and (b) 26 MLE Fe thin films on
BaTiO3(001) surface recorded with an electron kinetic energy 90 eV. The magenta square
represents the unit cell of Fe. (c) The structure model for Fe layers on BaTiO3(001)
assuming an Fe occupation on top of O atoms of BaTiO3.

The spots in the LEED pattern from Fig. 4.5(a) and (b) are broad. The broadening of
diffraction spots can be explained by assuming the periodic structure to be composed
of islands and the island size (disl) can be approximately determined from the equation:

hw

a∗
=

a
disl

(4.2)

where hw is the half width of the diffraction spot, a∗ the distance between two spots
and a is the lattice constant corresponding to a∗ [20].

In order to find out the half width of the LEED spot, a line profile can be made across
the spots of the LEED image. Assuming that the broadening of the LEED spot is caused
by one dimensional disorders such as islands and also by assuming uniform island size
over the entire area, an island size of 18±2 Å is calculated from the LEED pattern in
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Fig. 4.5(b) from the (1 0) spot. Due to the presence of the very high background, it is
difficult to accurately estimate the island size from the LEED pattern.

The assumption of uniform island size is valid for the metal overlayers on insulating
substrates where the inhomogeneous distribution of island sizes is observed mostly
[78] in the smaller thickness regime. The strain from BaTiO3 might lead to a rough-
ness in Fe which in turn result in the formation of islands. Moreover, the interaction
between Fe and BaTiO3 is expected to be small which will result in the large surface
energy of a stretched out, flat film. Kamaratos et al. have studied the growth of Fe
on SrTiO3(001) and found the same epitaxial relationship as that for Fe on BaTiO3(001)
[40]. The observed pattern was directly correlated to a body centred cubic lattice from
a (100) surface. Therefore, it can be concluded that Fe grows as a body centred cubic
lattice which is the favoured crystal structure for growth under 1185 K.

4.3.2 Interface stability

The interface plays a crucial role in the applications of multiferroic materials. In this
regard, the chemical stability of the interface becomes a prominent point to discuss.
As mentioned in the introduction section, the first few layers of Fe on oxidic substrates
such as MgO and NiO were found to be oxidised due to the interaction with the oxygen
from the substrate [42, 46]. Since Fe/BaTiO3 interface is a metal on oxide interface, it
can be expected that the interface Fe is oxidized. The sharpness of the interface as well
as thickness dependent changes to the electronic properties of the Fe layers deposited
have been studied using XAS and XPS.

Figure 4.6 (a), (b), (c) and (d) show the Ti L2,3, Ba M4,5, O K and Fe L2,3 edges XA
spectra measured using linear polarized light from Fe layers of different thickness
on BaTiO3. The corresponding spectra from BaTiO3 before evaporation of Fe films
is shown along with.

The spectra after Fe evaporation shown in Fig. 4.6 (a), (b), and (c) resemble the cor-
responding spectra from BaTiO3(001) before evaporation shown in section 4.2.2. The
O K edge XA spectrum shows a sharp intensity decrease as a function of increasing
Fe thickness and hence, the spectra are shown until an Fe thickness of 4.4 MLE. All
absorption peaks including the pre-edge features are reproduced after Fe evaporation
also. Apart from the decrease in intensity, no major changes like splitting of peaks or
shift in energy are seen in the spectra after Fe evaporation.

The absorption spectrum of Fe shown in Fig. 4.6 (d) consists of mainly two features.
The peak at 706.6 eV (L3 edge) results from the transition of electrons from the 2p3/2 to
unoccupied states. The peak at 719 eV (L2 edge) is the result of the excitation of 2p1/2

electrons to unoccupied states. It is seen that the intensity of the peaks increases as the
thickness of Fe layers is increased.

An analysis of the Fe XAS line shape yields information on the chemical state of
the system. It is observed in Fig. 4.6 that all the XA spectra show typical features of
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Figure 4.6: (a) Ti L2,3, (b) Ba M4,5, (c) O K and (d) Fe L2,3 edges X-ray absorption spectra measured
from Fe/BaTiO3(001) with linear polarized light in grazing incidence. The corresponding
Fe film thickness is mentioned in the figure legend.

metallic Fe [5]. The full width half maxima (FWHM) of all spectra at the Fe L3 edge
remained constant at 3± 0.1 eV, which is similar to the value obtained for Fe films
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on Si(001) [79]. Hence it is inferred that there is not much changes to the electronic
structure with the subsequent evaporation steps. We could not observe any splitting
or shifting of absorption peaks within the experimental photon energy resolution of
0.2 eV, thereby confirming the absence of oxidation of the layers as a result of annealing.
These observations indicate that the interface is a sharp and abrupt one.
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Figure 4.7: Fe 2p X-ray photoemission spectra of different thickness of Fe thin films deposited on
BaTiO3(001) and measured in normal emission using 930 eV photon energy. The spectra
are offset in the intensity axis for clarity.

Figure 4.7 shows the Fe 2p photoemission spectra measured with 930 eV photon
energy in normal emission. The spectrum consists of two features- 2p3/2 feature at
707 eV and 2p1/2 feature at 716 eV- with an energy separation of 9 eV. Both these peaks
show a clear thickness dependence, the main features observed essentially being the
same without changes to the FWHM. The spectra are shown in figure after subtracting
a Tougaard background which is the most appropriate form of background subtraction
for transition metals [80]. The 2p line shows no pronounced satellite features. After the
background subtraction, the spectra do not show any new features in accordance with
the assumption of the absence of oxidation at the interface.

The interface sharpness in this case depends on the affinity of Fe for O compared to
Ba and Ti and on the surface free energies (or adhesion energies) of metal and oxide.
The late transition metal Fe has a lower affinity due to the small negative heats of
formation compared to Ba and Ti. The heat of formation (∆H f ) of FeO is −272 kJ/mol
whereas that for TiO2 is −944.7 kJ/mol and hence the high ∆H f of Fe compared to Ti
results in a very small interaction between Fe and the substrate when Fe is grown on
TiO2 surfaces. Intermixing is usually favored in systems where the heat of formation
of the alloy or the compound is lower than the substrate.

Kamaratos et al. have studied the interface between Fe films grown on SrTiO3 [40].
According to them, the Fe/SrTiO3(001) interface is a sharp and abrupt one and is stable
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for annealing upto 800 K. Silly and Castell reported an island growth for Fe on SrTiO3

[41]. In this context, an understanding of the wetting process in Fe/BaTiO3 can be
reached based on the criteria of electron affinity. Previous XPS studies on Fe/BaTiO3

interface have indicated the presence of a partially oxidised Fe layer which is almost
2 nm thick [49]. But our results are in agreement with the hard X-ray photoemission
spectroscopy (HAXPES) studies by Zenkevich and co-workers on Fe/BaTiO3 where
they proved the absence of oxidation [50]. In this regard, our measurements serve as a
confirmation for the sharp interface between Fe and BaTiO3.

The absence of variations at the interface might also be contributed by the reduction
of BaTiO3 substrate. The number of free oxygen at the interface might be too small to
cause either the oxidation of Fe or further noticeable reduction of the BaTiO3 surface.

To conclude, the importance of BaTiO3 as a substrate is outlined by the absence of
intermixing with the Fe layers as seen from the XAS and XPS investigations. Hence this
observation and confirmation of a sharp interface opens the possibility of the growth
of non-oxidic metal films (for example: that of other late transition metal elements) or
3D islands on BaTiO3, which makes this system even more interesting for technological
applications. The interface is crucial in determining the magnetic properties of the Fe
layers which will be discussed in the next section.

4.4 Investigations of Magnetic properties

This section focuses on the magnetism of Fe ultrathin films on BaTiO3(001) probed with
XMCD in core level X-ray absorption. The Fe films investigated have been prepared by
e-beam evaporation at room temperature and later annealed to 373 K for 10 minutes.
The XA spectra have been recorded at the L2,3 edges of Fe with two different helici-
ties of light, ie, elliptical positive and elliptical negative. All measurements have been
made with the sample at room temperature. The absorption spectra of thick Fe layers
have been corrected for saturation effects [81].

4.4.1 Thickness dependence

The thickness dependence of the magnetic properties of Fe ultrathin films on BaTiO3

have been studied by evaporating a wedge shaped Fe film. The evaporation of a wedge
shaped Fe film proved beneficial since we could investigate the magnetic properties of
the sample for a whole range of thickness starting from 1 Å to 20 Å. The thickness
of Fe in the wedge was also accurately calculated by means of an edge jump analysis
of the XA spectra [82]. The Fe layers were magnetized to saturation in the in-plane
easy axis direction with a pulsed magnet which provided a 0.5 T magnetic field. From
MOKE and XMCD magnetization loop measurements, the magnetic fields required
for saturating the ultrathin Fe films were found to be smaller than 12 Oe. Results of
MOKE experiments will be discussed in the next chapter and the magnetization loops
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are presented in subsection 4.4.3.
The Fe films did not show any out-of-plane magnetism in remanence at any thick-

ness investigated. A 0.5 T magnet was used for magnetizing in remanence and the
absence of an out-of-plane magnetism could be due to the inability of the sample to
reach saturation magnetization in the out-of-plane direction in remanence. To obtain a
saturation magnetization along the hard axis direction a very high magnetic field of a
few Tesla is usually required.

The in-plane ferromagnetism in Fe films was found to start from a thickness of 6 MLE
onwards since the XMCD spectra did not show any characteristic features until an Fe
thickness of 6 MLE. In Fig. 4.8, the in-plane Fe L2,3 XAS and XMCD spectra of a 5.3 MLE
Fe film on BaTiO3 are shown. The XA spectra show typical features of metallic Fe. The
resultant XMCD spectrum does not show any features at the L2 or L3 edges indicating
the absence of ferromagnetism at this thickness.
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Figure 4.8: Normalized Fe L2,3 XAS and XMCD spectra measured in the [100] direction of Fe from a
5.3 MLE thick Fe film on BaTiO3.

Several factors can be responsible for the absence of ferromagnetism in the thin Fe
films. Generally, the presence of a non-magnetic compound of Fe such as FeO might
hinder the ferromagnetism in these layers. But the XPS as well as XAS analysis as
discussed in the previous section rule out the possibility of the presence of FeO at the
interface. In the case of Fe layers on MgO, Torelli and co-workers also discuss the ab-
sence of magnetism at the thinner layers and ascribe it to the superparamagnetic phase
of iron due to the formation of Fe islands [42]. For Fe layers on NiO, the Fe layers did
not show ferromagnetism at 6 MLE and below due to the effect of growth morphol-
ogy, where the STM analysis has shown the presence of islands below 6 MLE and as
the thickness increased, the islands became more interconnected [46]. Since our LEED
investigations point to the possible formation of islands, the presence of superparam-
agnetic iron islands must be a viable reason for the absence of ferromagnetism below
6 MLE thickness.

Another possible explanation would be the presence of dead layers of iron at the
interface which could be verified through the analysis of the evolution of ferromag-
netism of the films. We also analysed on the possibility of the Curie temperature of the
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thin layers being lower than the room temperature as another reason for the absence of
ferromagnetism at the thin layers, which will be discussed in a following subsection.

The XMCD spectra show typical features of metallic Fe starting from a thickness
of 6 MLE. The normalized in-plane XAS spectra as well as the XMCD of a thick Fe
film (10.6 MLE) measured in the [100] direction of Fe are presented in Fig. 4.9. The
absorption spectra show typical metallic features of Fe without any peak splittings.
The Fe XMCD spectrum comprises of two features, a single negative peak at the L3

edge and a positive peak at the L2 edge similar to those reported for metallic Fe [16, 5].
In addition, a very small positive feature is observed at 710.2 eV for thicker Fe layers.
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Figure 4.9: Fe L2,3 edge XAS and XMCD spectra of a 10.6 MLE thick film on BaTiO3 measured in
the [100] direction of Fe. The XAS as well as XMCD spectra are normalized. The purple
arrow shows the small XMCD signal at 710.2 eV which is discussed in the text.

In order to elucidate the thickness dependence clearly, the normalized Fe L2,3 edge
XMCD spectra for different Fe film thickness measured in the magnetic easy axis direc-
tion, i.e.,[100] direction of Fe, are presented in Fig. 4.10. It is seen that the XMCD signal
at both L2 and L3 edges increases with increasing Fe thickness starting from 6 MLE. It
can be understood that as soon as the island size is larger than the exchange length, the
layers become ferromagnetic [83, 42], which occurs around 8 Å for the layers investi-
gated.

Figure 4.10 displays the smooth transition from non ferromagnetic region to fully
saturated region. In addition to the L2 and L3 edge peaks, the small peak at 710.2 eV
shows an enhancement as the thickness increases. The normalized XMCD asymmetry,
shown in Fig. 4.10, which is a measure of the spin imbalance in the valence states, is
calculated as [σ+-σ−]/[σ++σ−], where σ is the absorption cross section.

Since the measurements were taken on a wedge sample, we could measure in small
thickness steps and therefore outline the complete transition.Three distinct magnetic
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Figure 4.10: Normalized Fe L2,3 edge XMCD spectra measured along the in-plane [100] direction of
Fe for different film thicknesses. The film thickness is indicated in the figure legend.

regimes can be distinguished from Fig. 4.10. They can be termed as the onset region,
intermediate ferromagnetic region and the ferromagnetic saturation region. After the
onset is observed, the XMCD signal increases gradually until 8 MLE where the asym-
metry values reach 21 %. This is termed as the ferromagnetic saturation region. The
transition from non-ferromagnetic to saturation ferromagnetic region happens within
2 MLE which is a small thickness regime. This rapid transition can be correlated to the
absence of dead layers of Fe.

A full analysis of the XMCD spectra according to the sum rules helps to calculate
the absolute spin and orbital magnetic moments (ms and ml) accurately as a function
of Fe thickness. The resultant XMCD spectra were corrected for angle of incidence and
degree of light polarization and the orbital and spin magnetic moments per atom were
determined based on the sum rules. Table 4.1 summarizes the variation of mS, ml, mTot

and ml/mS as a function of Fe film thickness.
The magnetic moment calculations were carried out, using a value of 3.39 for the

number of 3d holes (10− n3d) for Fe according to the previously published reports [5].
This is a reasonable assumption although the possibility of a modified band structure
compared to bulk Fe which would consequently change the n3d cannot be neglected.
The spin moment thus calculated (mSe f f ) contains the spin magnetic dipole term Tz
(mSe f f = mS + 7/2〈Tz〉) which can be neglected for systems with cubic symmetry
but is important for surfaces and interfaces [19]. The calculated spin moments in this
thesis (mS) are the effective spin moments mSe f f , and contains contribution from the
〈Tz〉 term.

In the original sum rule analysis, the q value which is the integral of L2 and L3 edges,
was calculated at 760 eV. The spectra we measured had a photon energy range upto
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735 eV. It is seen that the q value at 735 eV is slightly larger than that at 760 eV. We found
that the correction factor for an energy range upto 735 eV should be 0.94. Since the
orbital moment suffers much from the change in integration range, they are multiplied
by the correction factor. The calculated and corrected values of ml are displayed in Tab.
4.1. Since the changes in spin moment are negligible, it is not applied.

Table 4.1: Calculated effective spin and orbital moments of Fe films on BaTiO3(001) along the [100]
direction of Fe. The thickness of Fe is given in MLE and the asymmetry at the L3 edge
is given in % . The asymmetry values are given without applying correction for angle of
incidence and incomplete polarization. mS, ml and mTot are in units of Bohr magneton per
atom (µB/atom). The maximum error for thickness is ±0.2 MLE and mS, ml and mTot
values are 5%, 10% and 5% respectively.

Thickness asymmetry mS calculated ml corrected ml ml/mS mTot

10.6 21.3 1.96 0.192 0.180 0.092 2.14
9.5 21.1 1.96 0.183 0.172 0.088 2.13
8.3 20.5 1.87 0.194 0.182 0.097 2.05
7.1 16.3 1.50 0.159 0.149 0.099 1.65
6.9 13.4 1.17 0.151 0.142 0.121 1.31
6.8 11.4 0.97 0.148 0.139 0.143 1.11
6.7 5.8 0.47 0.085 0.080 0.170 0.55
6.0 1.9

bulk Fe [5] 1.98 0.086 0.043 2.07

The error bars in XMCD asymmetry and calculated magnetic moments signify ex-
perimental errors, the possible systematic errors related to the preparations and mea-
surements of samples as well as those from the analysis of spectra. The estimated er-
ror in the magnetic moments reflects data noise and other uncertainties such as back-
ground subtraction from the XA spectra. The error is estimated from the variation
in the magnetic moment values of subsequent measurements. The difference in cal-
culated moments is also assessed from the measurements where the polarization is
changed by keeping the magnetization constant and vice versa. The effect of different
analysis procedure on the magnetic moments are also taken into account. However,
the presence of error bars do not hinder further quantitative discussions. These error
bars apply to all magnetic moment values calculated in this thesis.

The general trend of the calculated mS, ml and mTot is similar to that of the XMCD
asymmetry as expected. The mS of thick films (1.96 µB/atom) are in agreement with the
reported bulk Fe values (1.98 µB/atom) [5]. The mS values decrease gradually as the
film thickness is lowered. In the thickness region between 6 and 8 MLE, the values are
substantially smaller than the reported bulk values. This is related to the coalescence
of small islands to grow a continuous film.

The calculated orbital moments (ml) also show a strong thickness dependence. It is
higher than the bulk Fe values [5]. A similar increase of ml is also observed in Fe on
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GaAs(001) and is attributed to the reduction in symmetry [84]. As the dimensional-
ity decreases, an increase in the orbital moment is expected. In bulk bcc Fe the high
symmetry of the cubic structure quenches the orbital moment. Hence a reduction in
symmetry is accompanied by an anisotropy of orbital moments as well as enhanced
values of ml. Symmetry breaking arises from low coordination numbers and the strain
due to the lattice mismatch between the layer and the substrate which is therefore pre-
dominant in the case of monolayers [84]. The highest ml values shown in Tab. 4.1 are
almost twice the reported bulk Fe values.

The total magnetic moments (mTot) follow a similar trend as the mS values. Total
moments are also low for the lower thicknesses and soon reach bulklike values for a
thickness of 8.3 MLE and above. Total magnetic moment (mTot) of 2.2 µB is reported
for Fe bulk-like films grown on parylene by Chen and co-workers [5]. The mTot of the
thick (10.6 MLE) Fe films on BaTiO3 films are similar to the reported values of bulk Fe.

Significantly higher mTot values are reported for Fe(001) surfaces [85, 26]. However,
for Fe/MgO, where the growth mode is via the formation of islands, the enhancement
of spin moments has not been observed [42]. Moreover, the bulk like moments were
attained at a thickness of 5.2 MLE with bulklike orbital to spin moment ratios [42].

The ratio of ml to mS is independent of the number of holes and hence is a reliable
quantity to compare with other published results. From Tab. 4.1, it is seen that the
thinnest films exhibit largest orbital to spin moment ratios, ratios as high as 0.170 is
obtained for thinner films (6.7 MLE) compared to the bulk Fe ratio of 0.043 [5]. This
enhancement in ratio is contributed by the orbital moment enhancement explained for
low Fe thickness.

With the increase in thickness, the ratio decreases and reaches 0.092 for a 10.6 MLE
film. Considerably higher ratios were reported for Fe nano-clusters and thin films.
Ratios as high as 0.075 were reported for an Fe wedge on Cu(100) as well as Fe films
[82], 0.083 for Fe films [86] and 0.1 for Fe nanoclusters [87]. Small Fe nanoclusters on
Ni/Cu(100) show even higher ratios than 0.1 [88]. Ohresser and co-workers distin-
guished different regions of Fe growth such as 1D, 2D and the corresponding ratios
show a huge variation from 0.06 to 0.1 [89]. The high ratios are in accord to the formu-
lation of island structures which is structurally different from the continuous flat film
with bulk-like ratios. Since high ratios are expected for low coordinated systems, Fe
on BaTiO3 ratios reflect the transition from isolated clusters to percolated islands.

Hence, the thickness dependence of Fe XMCD along the [100] direction of Fe reveal
the onset of ferromagnetism at 6 MLE for Fe films on BaTiO3. An analysis of the XMCD
spectra helps to distinguish three magnetic regions, namely, the non-ferromagnetic
region, the intermediate ferromagnetic region and the ferromagnetic saturation region.

Comparison to Theory First principles calculations within the framework of Density
Functional Theory have been used to investigate the magnetism of 1-3 MLE thick Fe
films on BaTiO3 [11]. The characteristic XMCD features have been found to be depen-
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dent on the interface structure [11]. Our measurements at room temperature did not
yield any XMCD signal until 5 MLE contrary to the theoretical predictions [11, 10].
However, the calculated critical temperature of the ultrathin Fe layer is between 170
to 230 K [11]. Our experiments were performed at room temperature and this could
serve as a reason for the absence of XMCD at the very thin layers. The XMCD spectral
features obtained for the thick layers resembles the calculated XMCD signal of bulk Fe
[11].

First principles calculations on Fe/BaTiO3 predict enhanced magnetic moments for
Fe monolayers [10]. However, due to the experimental problems involved, for exam-
ple, formation of Fe islands, possibly low Curie temperature for the very thin layers,
it is difficult to realize the ferromagnetism and consequently magnetic moments until
6 MLE. Even for the transition layers, the magnetic moment observed here is less than
that of bulk.

4.4.2 Direction dependence

The direction dependence of magnetism in the Fe films has been investigated with the
help of XMCD measurements in different directions by changing the azimuthal angle.
The film thickness has been calculated independently for each measurement. The angle
dependent XAS has also been measured for individual uniform samples and compared
to the wedge data.

The measurements have been taken in three azimuthal directions with respect to
Fe. The [100] direction of Fe was chosen because the magnetic easy axis in bulk Fe is
reported to be along [100] [25]. Measurements along two other directions, the [110]
and the [11̄0], have been taken by rotating the azimuthal angle of the crystal by 45◦ in
either directions with respect to the Fe[100] direction.

The normalized XMCD asymmetries at the L3 edge for all three directions investi-
gated are plotted in Fig. 4.11 as a function of Fe layer thickness. In Fig. 4.11, notable
differences are observed in the ferromagnetic onset, transition and saturation regions
along the different directions. The ferromagnetic onset thickness for the [100] direction
is 6 MLE, which reduces to 5.6 MLE and 5.0 MLE along the [110] and [11̄0] directions.
Most importantly, the asymmetry values below 6.7 MLE are the highest in the [110]
direction and that above 6.7 MLE, are the highest along the [100] direction. For thick
layers, the maximum asymmetry along the [110] direction is 16.0% whereas that in the
[11̄0] is 17.3%. However, in the [100] direction the maximum asymmetry is 21.3%. The
asymmetry values obtained along the [100] direction is almost 20-25% higher than that
of the other two directions. The transition region characteristics are also different in
the different directions. In the transition region, asymmetries in the [110] and [11̄0]
directions were larger for the thin films of Fe. Thus, indeed at this thickness the easy
axis is not along the [100] direction.

This indicates a change in easy axis as a function of Fe film thickness. The thin films
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Figure 4.11: XMCD asymmetry measured at the Fe L3 edge along three different azimuthal directions
with respect to the Fe film, plotted as a function of Fe film thickness. The different
directions [100], [110] and [11̄0] with respect to Fe, are indicated in the figure legend.

have an easy axis along the [110] direction and the thick films (above 6.7 MLE) have
an easy axis along the [100] direction of Fe. A preference in magnetisation direction,
in other words, a magnetic anisotropy is observed above and below 6.7 MLE. At the
transition thickness, the anisotropy vanishes and all directions show equivalent asym-
metries.

The change of magnetic easy axis (in-plane) may also be termed as the in-plane spin
reorientation transition (SRT). In order to check spectral changes in the XMCD along
other directions, the XMCD spectra of the different Fe layer thickness measured along
the [110] and [11̄0] directions of Fe are presented in Fig. 4.12. From Fig. 4.12, a smooth
variation of XMCD signal in the [11̄0] and [110] directions of Fe is observed as a func-
tion of Fe thickness. Moreover, the spectra do not show any pronounced differences of
features compared to the [100] direction. Apart from the slightly different ferromag-
netic onset thickness, the XMCD spectral features gradually increase as the film thick-
ness increases. The small positive feature at 710.2 eV also follows the same change as
that of L3 edge asymmetry.

The magnetic moments calculated from a few representatively selected thickness are
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Figure 4.12: Variation of XMCD as a function of film thickness measured at the Fe L2,3 edges in the
(a) [110] and (b) [11̄0] directions of Fe. The XMCD spectra are normalized.

summarized in Tab. 4.2 and Tab. 4.3 for the directions [110] and [11̄0] of Fe and can be
compared to the ones listed in Tab. 4.1 for the [100] direction. In general, the calculated
magnetic moments display a trend in agreement to that observed for asymmetry.

For thick Fe films, the mS and mTot values along the [110] and [11̄0] directions are
less than that of [100] direction. The maximum value of mTot calculated in the [110]
direction is 1.58 µB and that in the [11̄0] is 1.70 µB, whereas the mTot along the [100]
direction is 2.14 µB which is similar to the bulk Fe value indicating that the magnetic
easy axis is parallel to the [100] direction. But, for the thin layers, the mS and mTot

values are higher than that along the [100] direction. For thin layers, the magnetic
moment values are slightly larger in the [110] direction compared to the [11̄0] direction.

The orbital moments (ml) also show a similar trend to that of mTot. In metal films, the
maximum ml values have been reported for the easy axis due to the correspondence
between magneto-crystalline anisotropy and the anisotropy in morb [6, 90]. This also
proves the point that the easy axis for the thin films described in the present work lies
parallel to [110] which changes to [100] for thick films.

Along the [110] and [11̄0] directions, the ml/mS ratio is high for the thin films and
decreases on increasing the film thickness. For all thicknesses investigated, the ml/mS
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Table 4.2: Calculated effective spin and orbital moments of Fe/BaTiO3 layers along the [110] direction
of Fe. The thickness is given in MLE and the asymmetry is given in % for the L3 edge.
The mS, ml and mTot are in units of µB/atom.

Thickness asymmetry mS calculated ml corrected ml ml/mS mTot

12.2 16.0 1.45 0.142 0.133 0.092 1.58
10 16.0 1.42 0.160 0.150 0.106 1.57
7.8 14.6 1.30 0.135 0.127 0.098 1.43
6.7 11.3 0.98 0.125 0.118 0.120 1.10
6.2 7.9 0.65 0.110 0.103 0.158 0.75
5.9 6.4 0.54 0.080 0.075 0.139 0.62
5.6 2.7

Table 4.3: Calculated effective spin and orbital moments of Fe films on BaTiO3 along the [11̄0] direc-
tion of Fe. The film thickness is given in MLE and the asymmetry is given in % for the L3
edge. The mS, ml and mTot are in units of µB/atom.

Thickness asymmetry mS calculated ml corrected ml ml/mS mTot

8.2 17.3 1.55 0.164 0.154 0.099 1.70
7.4 12.7 1.08 0.146 0.137 0.127 1.22
6.6 8.7 0.70 0.117 0.110 0.157 0.81
5.8 3.6
5.0 2.3

ratio is higher compared to the reported bulk Fe values. Any change in the ratio indi-
cates modifications in the electronic structure [42, 91]. Tab. 4.1, shows that the ml/mS

ratio for the thin layers in the [100] direction is enhanced compared to that of thick
layers. In comparison to bulk Fe, the enhancement in the ratio can be calculated as,
(ratio f ilm− ratiobulk)/ratiobulk, where the ratiobulk=0.045 [92, 5]. From this, an enhance-
ment of 278% is calculated for the 6.7 MLE Fe along the [100] direction in comparison
to bulk.

The basic reason behind the anisotropy in the magnetic moments is spin-orbit cou-
pling [26]. The presence of anisotropy in the magnetic moments of Fe indicates
that the Fe 3d levels contribute to the magnetic anisotropy. The enhancement in
(ratio f ilm − ratiobulk)/ratiobulk also shows enhanced spin-orbit interaction [91]. The
enhanced spin-orbit interaction lifts the degeneracy of the d-orbitals and thereby in-
creases the orbital moments. So, we arrive at the conclusion that the thin Fe films
are dominated by spin-orbit interaction which results in the increase of orbital mo-
ments and the orbital to spin moment ratio. In a simple approach, it can be assumed
that the interface magnetic moment anisotropy originates as a result of the interface
bonding of Fe-Ti orbitals. Although the O 2p-Ti 3d is supposedly the strong bond in
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Fe/BaTiO3 films, the Fe-Ti bonding might be sufficiently strong to redirect the orbital
magnetic moment owing to spin-orbit interaction. When the Fe thickness increases, the
spin-orbit coupling is quenched and the Fe d- orbitals become more degenerate. This
might occur by changing the electron occupation consequently giving rise to a change
in magnetic easy axis. In addition, the small deviations observed in the ferromagnetic
onset thickness along the different directions hint at the presence of anisotropic inter-
face bonding. The interaction of Fe-Ti is in agreement with the theoretical calculations
described in [8].

In Fig. 4.10 and 4.12, a small positive XMCD feature at 710.2 eV is visible above
6.7 MLE. This feature has been observed for GaxFe1−x and attributed to the transitions
from the 2p core level to the unoccupied majority spin band [93]. This argument is also
supported by earlier theoretical studies [94, 95]. The main negative Fe XMCD peak
at the L3 edge is due to the transitions to unoccupied minority spin band [93, 94, 95].
From Fig. 4.10 and 4.12, a gradual transition from negative intensity to positive inten-
sity is visible at the 710.2 eV feature indicating the absence of holes in the majority spin
band below 6.7 MLE. Arenholz and co-workers correlated the magnetoelastic energy
to the electronic states located near the Fermi level [93] and it is known that the magne-
toelastic energy is directly proportional to the spin-orbit splitting [96]. However, it has
been reported for Fe layers on GaAs that the magnetoelastic interactions do not play
the key role in SRT [97].

An in-plane spin reorientation transition has been reported for many Fe thin film
systems [98, 99]. Another possible reason behind the SRT in thin films is governed by
strain from the substrate. In the present case, the lattice mismatch is small, thereby
only a small amount of strain from BaTiO3 to Fe is expected. However, the sign change
of the small XMCD feature reveals the absence of holes in the majority spin band which
indicates that the Fe layers exhibit opposite sign in magnetoelastic strains with respect
to bulk strain. SRT is reported for Fe layers on MgO at around a similar Fe thickness
[99], which helps to neglect strain as the primary reason for the transition since the
lattice mismatch for Fe on MgO is higher (3.9%) compared to BaTiO3 (1.5%) which
did not result in any change in the SRT transition thickness. Hence the assumption of
negligible strain effects seems inevitable.

An in-plane rotation of the magnetic easy axes with increasing film thickness is ob-
served for La0.67Sr0.33MnO3 thin film on NdGaO3(112) by Nishikawa and co-workers
and is ascribed to the gradual relaxation of the planar asymmetric distortion of the
surface unit cell of NdGaO3(112) with increasing film thickness, changing the crystal
symmetry from monoclinic to orthorhombic [100]. They also observed a change in
the in-plane magnetic anisotropy from uniaxial to biaxial as the film becomes thicker
[100]. Similar to their conclusions [100], we can expect a relaxation of the BaTiO3 sur-
face leading to less strain in thicker Fe layers and subsequent changes to the magnetic
easy axis. The reported observations of uniaxial anisotropy of Fe layers on BaTiO3 for
small thickness which changes to biaxial anisotropy [39] serves as a support for this.
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Hence, another interesting point which requires detailed investigations in this regard
is the interactions within the Fe layers on BaTiO3.

Figure 4.11 and the magnetic moment calculations reveal that the local magneti-
zation exhibits a strong azimuthal dependence. For a system magnetized along the
in-plane magnetic easy axis, the magnetization in the direction of the field is Mscosφ

[101], where φ is the angle between the applied field and the easy axis. The magneti-
zation at another angle φh is given by the component of magnetization in the direction
of the field i.e, mh = cos(φ − φh). By this relation, 70% of the magnetization value
is expected at an angle 45◦ away from the easy axis. This matches well with our ex-
perimental observations and explains the quantitative differences in asymmetry and
magnetic moment along the different directions.

Thickness dependent in-plane SRT in the ultrathin Fe films on BaTiO3(001) has also
been observed through other experimental techniques such as MOKE. MOKE mea-
surements on this system reveal an SRT at the same Fe film thickness as that observed
via XMCD [102].

The consistency of results was checked in several repeated experiments with differ-
ent samples. The results obtained on the wedge samples were also compared to the
layer by layer grown uniform film samples. The evolution of magnetism in the uni-
form film sample along the [100] direction is similar to that observed for the Fe wedge
shaped film sample. However, the interesting point is the difference in magnetic prop-
erties noted along the [110] direction of Fe. The intermediate region is of particular
interest and this has been studied in detail. Interestingly, at higher thickness (around
29 MLE) the magnetism along the [110] direction is similar to that observed for the [100]
direction. In order to see the trend more clearly, the calculated magnetic moments of a
few selected films in the [110] direction of Fe are listed in Tab. 4.4.

Table 4.4: Calculated effective spin and orbital moments of Fe/BaTiO3 films along the [110] direction
of Fe measured from uniform thin film samples. The thickness of Fe film is given in MLE.
mS, ml and mTot are in units of µB/atom.

Thickness mS ml ml/mS mTot

28.6 1.94 0.109 0.056 2.05
14.3 1.62 0.099 0.060 1.72
8.6 1.30 0.104 0.080 1.40
5.7 0.84 0.107 0.096 0.95

The onset of ferromagnetism for the uniform film sample (5.7 MLE) is similar to that
of the wedge sample (5.6 MLE). The width of the transition regime is also consistent
to that of the wedge sample. The mS, ml and mTot values calculated from the 5.7 MLE
uniform film are higher than the values obtained from the wedge film sample. For
all Fe thicknesses investigated, the ml/mS ratios from the thin uniform film sample

63



Growth and magnetism of Fe films on BaTiO3(001)

are significantly lower to that from the wedge sample. The orbital moment (ml) values
except that for 5.7 MLE are small in the uniform film. mS and mTot values of the 8.6 MLE
uniform film is similar to that of the wedge sample. However, at higher thickness, the
mS and mTot values are higher in the uniform film samples.

The results from the investigations of uniform film sample clearly illustrates the ef-
fect of growth on the magnetic properties of the film. The magnetic moments presented
in Tab. 4.4 point to the quality of the film and it can be understood that layer after layer
evaporation and intermittent annealing has helped to improve the film structure, the
effect of which is reflected as a smaller ml/mS ratio compared to the wedge shaped
film. The different regimes of magnetic behavior are the consequence of the different
growth regimes. Evidently the magnetic properties can be correlated to the growth
which in turn to structure. The bulklike total magnetic moment observed for the thick
layers in the [110] direction points to the possible complete percolation of small islands
into a uniform film and the presence of ferromagnetism as a result of long range order
at the higher thickness.

In short, the direction dependence of XMCD investigated on the Fe ultrathin films
reveal an in-plane SRT at a thickness of 6.7 MLE. The observed SRT is explained by
taking spin-orbit interactions into consideration.

4.4.3 Magnetization loops

In-plane magnetization loops were acquired for two different Fe thicknesses in the
[100] direction of Fe.
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Figure 4.13: Magnetization loops obtained from XMCD at the L3 edge energy maxima for two different
Fe thicknesses along the [100] direction of Fe.

Figure 4.13 illustrates the magnetization curves along the [100] direction of Fe thin
layers on BaTiO3 for two thickness of Fe investigated: 8 MLE and 26 MLE. The two dif-
ferent thicknesses were chosen according to the previous LEED investigations- 8 MLE
in the thin film regime and 26 MLE in the thick film regime. As the film thickness
increases, the loops become vertically longer corresponding to the increase in mag-
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netization. The shape of the loop of 26 MLE film is rectangular and the coercivity is
found to be low. The coercivity of both the films were found to be similar and it did
not change with the increase in thickness.

The shape of the magnetization loop for the 8 MLE Fe in Fig. 4.13 is slightly s-like.
This indicates the possible presence of a uniaxial anisotropy near the SRT thickness
which gets dominated by bulk magnetocrystalline anisotropy for thick films. This
is also supported by the observation of a uniaxial anisotropy in Fe films on BaTiO3

which changes to biaxial with thickness [39], while the loop for the 26 MLE is predom-
inantly contributed by the magnetocrystalline anisotropy as exhibited by the rectangu-
lar shape. The presence of uniaxial anisotropy has been reported for thin Fe layers on
GaAs [97, 51], where the influence of interfaces on the magnetic anisotropies is estab-
lished. This strengthens the assumption about the role of Fe/BaTiO3 interface in the
SRT and the explanation of spin-orbit coupling induced anisotropic interface bonding
seems to be a plausible cause for SRT.

4.4.4 Temperature Dependence

It is well known that temperature has a profound impact on the magnetic properties
of ultrathin films. Of special mention is the Curie temperature of thin films which is
found to be different from bulk [103]. In order to understand the effect of temperature
on the magnetism of Fe films on BaTiO3, the XMCD spectra were compared as a func-
tion of thickness at two different temperatures. Figure 4.14 gives the dependence of
the XMCD L3 asymmetry as a function of thickness in the [110] direction of Fe.

From Fig. 4.14, it can be seen that for 150 K, the onset of ferromagnetism is observed
at 5 MLE Fe whereas it is 5.7 MLE at room temperature. The slightly earlier onset
of ferromagnetism could be due to the Curie temperature at this thickness being lower
than the room temperature. A decrease of Curie temperature is reported for decreasing
thickness of Fe films on MgO(100) [104]. Similar to 300 K, the transition to the ferro-
magnetic XMCD is rapid for 150 K and takes place within two monolayers. The asym-
metry at these two regimes, namely the onset and the transition region, is quite equal
at both temperatures. The two plots diverge at higher thickness showing a prominent
difference in asymmetry between 150 and 300 K. The bulk Fe layer asymmetry at 150
K is almost 24% which is higher than that for the same thickness layer at 300 K. This
increase in asymmetry is a measure of the enhancement of magnetism at lower tem-
peratures for higher thickness of Fe.

The spin and orbital moments are calculated for the Fe layers XMCD measured at
150 K according to the sum rules and are displayed in Tab. 4.5. The variation of mS, ml,
mTot and ml/mS resembles that of asymmetry. The thick layers (26 MLE) show bulklike
mS and mTot values. However, ml as well as ml/mS values show enhancement. The
ml/mS is higher than bulk Fe for all thicknesses investigated due to the ml increment
which happens as a result of symmetry reduction at the surface as expected for thin
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films [84].
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Figure 4.14: XMCD asymmetries of Fe films on BaTiO3 at 300 K and 150 K measured in the [110]
direction of Fe and plotted as a function of thickness. The corresponding temperatures
are indicated in the figure legend.

Table 4.5: Magnetic moments calculated from Fe/BaTiO3 XMCD measured at 150 K for different
thicknesses in the [110] direction of Fe. The thickness is given in MLE and the asymmetry
is given in % for the L3 edge. mS, ml and mTot are in units of µB/atom.

Thickness asymmetry mS ml ml/mS mTot

26 24.2 2.08 0.117 0.056 2.2
8 15.2 1.48 0.104 0.07 1.584
5 5.2 0.35 0.053 0.147 0.403

In general, the magnetism at lower temperature is found to be higher than that at
room temperature. Sahoo and co-workers [9], investigated the magnetic properties of
a 10 nm Fe film on BaTiO3 and observed a difference between the heating and cool-
ing branches in magnetization which they attributed to the pinning of BaTiO3. Similar
effects could be observed in the present study but the difference is small since the thick-
ness of Fe used here is also small. Magnetic moments calculated for Fe clusters show a
decrease with increasing temperature [105]. The increase in magnetization might also
be contributed by the substrate phase transition with temperature. At 150 K, BaTiO3 is
in the rhombohedral phase. The transition from room temperature tetragonal to 150 K
rhombohedral alters the magnetoelastic coupling and strain which in turn affects the
magnetization values. The magnetic properties of Fe film at 150 K could be modified
due to the lattice distortions of the underlying substrate through the magnetoelastic
coupling at the interface.
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Temperature dependence of spontaneous magnetization at low temperature is
higher according to Bloch‘s law [106],

M(T) = M(0)[1− (T/TC)
3/2] (4.3)

where M(0) is the spontaneous magnetization at absolute zero and TC is the Curie tem-
perature. Therefore, at higher temperatures, a decrease in spontaneous magnetization
is expected.

According to Equation 4.3, if the measurement temperature is closer to the Curie
temperature, a higher difference in the magnetization values between the two tem-
peratures is expected. For thin layers, it is well known that the Curie temperature is
smaller than the bulk value. Hence, for thin films, a larger difference between the 300
and 150 K magnetization can be expected. On the contrary, in the present case, larger
differences in the magnetization values are obtained for the thick layers. This indicates
that the temperature dependency is weak for the Fe layers and the observed differ-
ences can indeed be caused by the BaTiO3 phase change induced strain on Fe. In this
regard, more measurements in the vicinity of the phase transition temperature would
prove to be helpful.

4.4.5 Induced magnetic moments at Ti atoms

XAS and XMCD spectroscopy were employed in this work to study if the Fe atoms
induce magnetic moments on the interface Ti and O atoms.

The XA spectra measured at the Ti L2,3 edges and the resultant XMCD spectra from
BaTiO3 and Fe films on BaTiO3 are shown in Fig. 4.15 (a) and (b). The absorption spec-
tra are measured in the [100] direction of BaTiO3 after depositing 8.2 MLE Fe. From
Fig. 4.15 (b), it is clear that the features of the XMCD spectra obtained from the 8.2 MLE
Fe on BaTiO3 sample is similar to those measured from clean BaTiO3(001) single crys-
tals before evaporation of the Fe film. The spectra consist of a prominent positive
feature at 457.1 eV followed by three negative features at higher energies. However,
the corresponding absorption spectra indicated a very small energy shift between the
two light helicities. The shift might be arising from some data acquisition problems at
the beamline and hence does not have much physical significance. It is seen that if one
of the XA spectrum is shifted by 0.005 eV, most of the features in the resultant XMCD
spectrum vanishes. Although the XMCD spectrum in Fig. 4.15 (b) resembles some of
the Ti L2,3 XMCD spectra published [107], the presence of an XMCD spectrum before
the evaporation of Fe helps in the analysis. Hence, from the similar XMCD features
observed with and without Fe, it can be understood that the XMCD spectrum after Fe
evaporation is the result of a small shift and a slight offset of one of the absorption
spectrum. Hence, the conclusion is that the Ti L edge do not show the presence of
induced magnetic moments.

First principles calculations on the Fe/BaTiO3 multilayers predict the presence of an
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Figure 4.15: Ti L2,3 edge (a) XAS and (b) XMCD spectra measured from clean BaTiO3 and
Fe/BaTiO3 in the [100] direction of BaTiO3 with samples at room temperature. The
XMCD spectra in (b) are offset in the Y-axis for clarity.

induced magnetic moment on Ti and O [8, 10, 108]. The absence of an XMCD signal
in the present case is possibly because the induced spin polarization on Ti 3d was too
weak at room temperature to give rise to a magnetic moment at Ti. X-ray resonant
magnetic scattering (XRMS) measurements have revealed the presence of a magnetic
signal at Ti atoms on Fe/BaTiO3 interface owing to the spin polarization of Ti atoms
[109]. They have discussed that the detection of XMCD signal from Ti is challenging
since the signal originates from the very first atomic layer of BaTiO3 [109]. This could
be another reason for the absence of a Ti XMCD signal. The investigation of spin po-
larization at Ti by more sensitive techniques such as XRMS would be helpful to resolve
this issue completely.

4.5 Conclusions

The long range order and the electronic structure of the BaTiO3(001) single crystal sur-
face after the surface preparation have been investigated with LEED, XAS and RPES
measurements. The presence of sharp first order LEED spots indicate good crys-
tallinity and long range order. The presence of half order spots at some kinetic elec-
tron energies indicate a c(2×2) reconstruction preferably due to oxygen vacancies. The
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available literature suggests a correlation of the c(2×2) reconstructed surface to a TiO2

surface termination. The XAS measurements compared to theoretical investigations
help to unravel the electronic structure of the BaTiO3 surface. The resonant PES mea-
surements on the clean BaTiO3 surface using photon energies in the range of Ti 2p, led
to the observation of a Ti L3VV Auger peak near the valence band region.

Epitaxial Fe ultrathin films have been grown on BaTiO3 by electron beam evapora-
tion. The growth of Fe layers and the interface stability in Fe/BaTiO3(001) have been
studied in detail with the help of LEED, XPS and XAS. The Fe films did not show a
LEED pattern until a thickness of 6 MLE owing to the lack of long range order possi-
bly caused by the growth of Fe as islands which is indicated by the broad LEED spots
obtained from Fe thickness higher than 6 MLE. The FWHM at the Fe L3 edge XAS
(3.0±0.1 eV) indicated the absence of changes to the Fe electronic structure. XAS mea-
surements at the Ti L2,3, Ba M4,5 and O K edges revealed the absence of spectral shift
and splitting. This is ascribed to the lower tendency of oxide formation of Fe com-
pared to Ti as well as the presence of a reduced interface. Hence, it is inferred that the
interface from BaTiO3 to Fe is abrupt.

The magnetic properties of the as-prepared films have been investigated with XAS
and XMCD. XMCD measurements reveal the onset of ferromagnetism from 6 MLE
onwards along the [100] direction of Fe and the asymmetry values reaches bulk-like
within a thickness range of 2 MLE. The ferromagnetic onset thickness corresponds to
the appearance of a LEED pattern, thereby indicating the correlation between mag-
netism and structural order in ultrathin films. The nonferromagnetic region (upto
6 MLE) is attributed to the possible growth mode of Fe as islands. The effective
spin moments, orbital moments and the total magnetic moments per atom for dif-
ferent Fe thicknesses have also been calculated. The mS and mTot of thick films (1.96,
2.13 µB/atom) are in agreement with the reported bulk Fe values (1.98, 2.2 µB/atom).
However, the ml values and consequently ml/mS values show an enhancement which
might be due to a symmetry reduction at the surface. The mS and mTot of thin films
were less in comparison to Fe bulk, due to the film thickness being in the intermediate
ferromagnetic region.

Most importantly, the investigations of the azimuthal angle dependence of XMCD
have clearly shown the change of the magnetic easy axis from the [110] direction of Fe
in thin films to the [100] direction with increasing thickness. The change of easy axis is
observed at an Fe film thickness of 6.7 MLE and is attributed to the interface bonding
of Fe-Ti orbitals and spin-orbit interactions. Other possible reasons behind the SRT are
also discussed. The magnetic moments in the different directions follow a trend similar
to the [100] direction of Fe, however, the magnitude of magnetic moments as well as
the ratio is found to be only around 70% of that in the [100] direction. The effect of
temperature on the XMCD reveal that the temperature dependency is weak for the Fe
layers and the very small changes in magnetization are attributed to the magnetoelastic
interactions due to the BaTiO3. The XMCD investigations for the induced moments at
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the Ti L edges did not yield any signal possibly because the induced spin polarization
on Ti 3d was too weak at room temperature.

In short, we observe that the magnetism of Fe ultrathin films on BaTiO3(001) is cor-
related to the growth and structural order which in turn is correlated to the surface
structure of BaTiO3(001).
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5 Fabrication and magnetism of
ordered Fe islands on BaTiO3(001)

The magnetic properties of thin films are highly sensitive to the microstructure and the
morphology. Hence any change to the morphology or grain size will affect the mag-
netic properties. In order to understand the structural and magnetic property changes
accompanying the annealing process, Auger electron spectroscopy, LEED, MOKE, XAS
and XMCD measurements have been performed in-situ along with ex-situ SEM imag-
ing and EDX spectroscopy investigations. Starting with a brief introduction in Section
5.1, the morphological transformations of the Fe thin films on annealing will be demon-
strated in Section 5.2. The XAS measurements to investigate the interface stability will
be described in Section 5.3. The MOKE and XMCD measurements will be discussed
in the following Section 5.4. Finally the main conclusions drawn from this chapter are
presented in Section 5.5.

5.1 Introduction

Nanostructures of Fe find applications in catalysis and magnetic recording which has
triggered research on the modification of magnetic properties through morphological
changes [110, 111]. In this context, the knowledge of the shape, size distribution and
wetting properties of the metal overlayers are very important.

Metal on oxide systems also find applications in electronics where the stability of the
interface, oxidation/reduction reactions and the effect of heat treatment are important.
The investigations of deposition, morphology and effect of heat treatment on metal-
metal oxide systems have been reported. For example, Ni on TiO2 forms crystallite
islands upon annealing [112]. In this case, although the interface orientation has been
checked and found to be (110)Ni‖(110)TiO2, [1̄10]Ni‖[001]TiO2 which is the same be-
fore and after annealing [112], the stability of the interface has not been investigated.
As already discussed in chapter 4, the stability of Fe/BaTiO3 interface has been contro-
versial as suggested by different reports [49, 50] and the XAS measurements shown in
chapter 4 confirm that the interface is indeed sharp. In this regard, the interface stabil-
ity of Fe thin films upon annealing turns out to be an interesting point of investigation.

Another important aspect for technological applications of metal-oxide systems is
the ability to predict the size, topology and distribution of different features. For exam-
ple, Fe nanoislands are employed in the fabrication of carbon nanotubes [110]. Hence



Fabrication and magnetism of ordered Fe islands on BaTiO3(001)

the knowledge of the shape and distribution of nanoislands is necessary to facilitate
their use in these particular applications. In Fe nanowire arrays on W(110), the self
assembly and magnetic domain microstructure have been studied [113] and the obser-
vations highlighted that by controlling the dewetting of the Fe film different magnetic
anisotropy energies are influenced. This brings into light the importance of the in-
terface as well as kinetic and thermodynamic processes involved in the self-assembly
due to annealing. In order to achieve precise control over the desired features of the
nanostructures, an understanding of the fundamental processes which govern their
formation is necessary. In light of these reports, the studies of Fe island formation on
BaTiO3 and the exploration of their magnetic properties remain attractive.

Ordered arrays of metals on oxide substrates can be fabricated through a number of
methods, for example, the self assembly through annealing was used to obtain arrays
of Fe and the magnetic properties were also analysed for possible device applications
[114]. Silly and Castell made use of self assembly to fabricate ordered islands of bcc
Fe on SrTiO3(001) (STO) [41]. However, the magnetic properties of such islands have
not been investigated in detail so far. Ordered islands were obtained for the deposition
of Fe on Mo(110) [115] and MgO(001) [116] substrates also. In all these cases, an un-
derstanding of the fundamental process is essential in effectively employing them for
applications.

In this chapter, the formation of highly ordered directional nanoislands of Fe on
BaTiO3(001) through self organization due to annealing of the Fe film will be demon-
strated along with the studies on the magnetic properties accompanying the transfor-
mation of morphology from thin film to nanoislands. The results will be discussed
keeping in view the fundamental processes involved in morphology transformations.

5.2 Effect of annealing the Fe film: Morphological
changes

Ultrathin films of Fe have been evaporated onto BaTiO3(001) single crystal substrates
from a metal e-beam evaporator at room temperature as discussed in chapter 3. Two
thicknesses of Fe films (thin film-8 MLE, thick film-26 MLE) on BaTiO3 have been in-
vestigated in order to understand the transformations in morphology with annealing.
The films have been annealed in UHV to a series of temperatures above room temper-
ature and morphological as well as magnetic properties were measured after cooling
down to room temperature. The maximum annealing temperature (973 K) was kept
below the Curie temperature of Fe (1043 K).

5.2.1 Auger electron spectroscopy

The effect of annealing on the surface composition and morphology has been inves-
tigated with Auger electron spectroscopy. The Auger electron spectra of an 8 MLE
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Fe film recorded with 3 keV beam energy after annealing to different temperatures is
shown in Fig. 5.1.
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Figure 5.1: Auger electron spectra of an 8 MLE Fe film on BaTiO3 annealed to different temperatures
as mentioned in the figure legend. The spectra are recorded with 3 keV beam energy. The
different features are labelled.

The different features of the spectra are labelled in Fig. 5.1 according to their kinetic
energies with reference to the Handbook of Auger Electron Spectroscopy [117]. The
peak at 375 eV corresponds to the principal Auger peak of Ti i.e. LMM Auger emission
line of Ti, similarly the feature at 508 eV is the O KLL Auger emission line, the peak
at 587 eV is Ba MNN Auger emission line and the three peaks at 597, 653 and 708 eV
are Fe LMM Auger emission line features. The spectra obtained after 373 and 673 K
annealing look almost similar with Fe features clearly visible. The absence of Ti, and
Ba peaks indicate that the thickness of Fe exceeds the electron penetration depth for
Ti, and Ba and hence with 8 MLE Fe, annealed to 373 K, Auger electron spectra hardly
detects the substrate. The agreement in peak height measured at different points on the
surface indicate uniform covering of the surface by the Fe layer. However, the spectra
clearly show a reduction in Fe peak intensity after annealing to 873 K. The Ti, Ba and O
peaks are more pronounced after the annealing, resulting in a change in the Fe-Ba and
Fe-Ti peak ratios compared to the 673 K annealed film. This reduction in Fe indicates
some morphological rearrangements within the film. After annealing, the peak ratio
of O to Ti yields a value 2.7:1, which is less than the expected ratio of 3:1 from the
chemical formula indicating the presence of a reduced BaTiO3 surface. The 2.7:1 peak
ratio is obtained taking into account the sensitivity factors from [117].

Similar to these measurements, the Auger electron spectroscopic measurements of a
4 MLE Fe film on MgO annealed to 673 K has also shown a reduction in the Fe peak
intensity which was attributed to the formation of Fe islands [42]. Thus, it can be
assumed that the decrease in peak ratio in Auger spectra results from the formation of
Fe islands.

With the Auger spectroscopic investigations, a conclusion can be reached that the
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change in the peak intensities due to annealing is caused by changes in the morphol-
ogy. Any change in the surface morphology can be detected by microscopy methods
which will be discussed in the coming sections.

5.2.2 Faceting: LEED investigations

During the growth of Fe layers on BaTiO3, a LEED pattern is visible only from 6 MLE
onwards. The as grown films revealed a LEED pattern with broad spots which is a
sign of the presence of small islands of Fe which coalesce to a continuous film with
subsequent evaporation.

a

90 eV

(0 0)

(0 1)

b

90 eV

(0 0)

(0 1)(1 1)

(1 0)

Figure 5.2: LEED images obtained from a 26 MLE Fe film on BaTiO3 after (a) 573 K and (b) 673 K
annealing. In the image, the gray scale is inverted, which means that black represents high
electron intensity. The black square represents the unit cell of (a) Fe and (b) BaTiO3 and
the respective (0 0) and (1 0) spots are marked. The electron energies are given in figure.

The LEED images of the 8 MLE and 26 MLE Fe films annealed to 373 K are shown
in chapter 4. The LEED spots are found to be broad indicating a limited long range
periodic arrangement of scattering lattice points. After annealing to 473 K, the spots
became sharper and the background intensity decreased, indicating enhanced long
range order of the film. Figure 5.2 (a) shows the inverted grey scale LEED image of a
thick Fe layer (26 MLE) annealed to 573 K, recorded at 90 eV kinetic electron energy.
With 573 K annealing, the Fe spots became sharper. Figure 5.2 (b) displays the LEED
pattern at a kinetic electron energy of 90 eV after annealing to 673 K. Here, the pattern
resembles that of BaTiO3 although the spots are broader than clean BaTiO3. The broad-
ening of the spots points to the disorder in the periodicity of BaTiO3 lattice points. A
comparison of the intensity of the (1 0) spots of BaTiO3 and Fe film annealed to 673 K at
90 eV kinetic electron energy can be made. It is seen that for the BaTiO3 substrate, the
intensity of the (1 0) spot was high compared to (1 1). Whereas in Fig. 5.2 (b), the inten-
sity of the (1 1) spot is found to be high. Hence we arrive at the observation that the (1
0) spot intensity of Fig. 5.2 (b) is reversed in comparison to that from the clean BaTiO3.
This is an indication that the (1 0) spot intensity from the Fe film has not completely
disappeared, but is superimposed to the (1 1) spot of BaTiO3.

After 873 K annealing, the LEED pattern completely changes to that of BaTiO3 indi-
cating a complete breakdown of the uniform Fe film which is indicated in the Auger
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Figure 5.3: (a), (b), (c) and (d) LEED images obtained from an 8 MLE Fe film after 873 K annealing
(e) Line profile made at facet spots from (a), (b), (c) and (d). The electron kinetic energies
are indicated in figure.

electron spectra as a decrease in the intensity of Fe peaks. All LEED spots were found
to have similar intensities and hence any distinction of Fe and BaTiO3 contributions
are impossible.

Figure 5.3 (a)-(d) shows the LEED images of an 8 MLE Fe film on BaTiO3 recorded
at 33, 35, 37 and 38 eV kinetic energies after annealing to 873 K. They show (1 0) spots
of BaTiO3 and (1 0) as well as (1 1) spots at higher energies. Some additional spots
(marked in circles) which were different from the Fe(001) or BaTiO3(001) spots are also
seen. One additional spot in each quadrant, a total of four new spots are observed.
The additional spots move away from the central (0 0) spot on increasing the kinetic
energy while all other spots move towards the (0 0) spot of the original surface. Hence,
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it can be understood that these new spots are the result of new surface orientations
or facets in addition to the original (001). The new surfaces are formed due to some
morphological rearrangements.

The term faceting denotes the formation of new crystal planes with lower energies
which have different crystallographic orientations than the original ones due to the
tendency of a crystal to lower the surface free energy [20]. LEED is profoundly useful
in detecting the formation of facets with planes inclined to the nominal surface orienta-
tion. For a nominal surface orientation, using normal incidence of the primary beam of
LEED, the (0 0) spot of the LEED pattern will be located at the centre of the diffraction
screen. All other spots in the pattern move towards the (0 0) spot with an increase in
kinetic electron energy. While with a faceted surface, the (0 0) beam from that facet will
be located elsewhere on the screen or may be even out of the screen. Thus, the LEED
spots from faceted surfaces move towards their (0 0) spot which is different from the
nominal surface (0 0) spot. Hence, LEED is a very commonly referred technique in
order to deduce faceting and resulting surface inclinations.

In order to clarify the presence and movement of the facet spot, a line profile is
made across the LEED images. Figure 5.3 (e) shows the line profiles across one of
the facet spot at 33, 35, 37 and 38 eV kinetic electron energies. The location of the
profile of the facet spot is shown with the blue line in the LEED images and is also
indicated in the figure legend. The presence of the facet spot is felt as a dip in the line
profile. The intensity increase at 450 in the X-axis observed in Fig. 5.3 (e) is due to
the bright area from the wehnelt assembly. The profiles clearly show the movement
of facet spot away from the central (0 0) spot of the original film. The presence of
four facet spots confirms the formation of four new surface inclinations compared to
the original film. For a structurally similar system, Fe on SrTiO3(001), the scanning
tunnelling microscopic investigations provide evidence for the formation of four sided
pyramidal bcc Fe nanoislands [41]. The pyramids have been shown to have a (001) top
facet and four (011) side facets. Taking this into consideration, it can be assumed in the
present case that upon annealing, the Fe thin film transforms to pyramidal structures
with a (001) top surface and four (011) side facets. Hence, the four new LEED facet
spots can be attributed to four new (011) surfaces.

Thus, the morphology change as seen from Auger electron spectroscopy is evi-
denced to be due to the faceting of the film through LEED investigations.

5.2.3 SEM and EDX spectroscopy investigations

Scanning electron microscopy (SEM) and electron dispersive X-ray spectroscopy (EDX)
are well suited techniques to monitor the morphological changes in the Fe film. SEM
images and EDX spectra have been recorded ex-situ after removing the sample from
the UHV chamber.

The SEM images of the Fe films annealed to 373 K are shown in Fig. 5.4 (a). The
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image shows a uniform contrast all over the film. It can be inferred that the film is
continuous and any island-like structure is absent within the resolution of the image.
The calculation of island size after deposition of a thick Fe layer is already discussed in
chapter 4. But since the size calculated was close to 2.5 nm, it is impossible to resolve
and image such structures with the help of the present resolution in SEM. Hence, we
do not observe any small islands after 373 K annealing and the film surface appears to
be flat. Since the area imaged is uniform, the image is recorded at a crack to distinguish
the sample. The sample is broken and the edges of the sample are seen at the right hand
bottom side of the image near the black coloured area. The black colour represents
area outside the sample. It is clear from the image that the film is essentially uniform,
continuous and structureless after 373 K annealing.
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Figure 5.4: SEM images obtained from a 26 MLE Fe film on BaTiO3 after annealing to temperatures
(a) 373 K and (b) 773 K. The [100] direction is marked in (b) with respect to Fe.

Figure 5.4 (b) shows the SEM image of a 773 K annealed Fe film. The disruption of
the film morphology due to annealing is clearly observed here. The prominent features
in this image are elongated and interconnected islands. Some very small bright spots
are also observed. Two different surroundings can be distinguished around the islands
based on their grey levels, which are labelled as A and B in the image. Broad black
coloured areas are also found.

To identify the different features in the image, the elemental composition of the con-
stituents in the image has been determined using EDX. The results from the EDX anal-
ysis are shown in Fig. 5.5 and Fig. 5.6.

As seen in Fig. 5.6 (left), the elongated and interconnected islands are constituted by
Fe. From this, the islands can be completely attributed to Fe with the BaTiO3 signals
coming from the substrate below. However, as shown in Fig. 5.6 (right), the uniform
contrast area only contains Ba, Ti and O, with a stoichiometry expected for BaTiO3,
without any traces of Fe. Within experimental detection limits no difference between
the compositions of the two grey levels A and B of Fig. 5.4 (b) could be found. However,
taking into account the limited surface sensitivity of SEM, the possibility of one of the
feature being BaTiO3 and the other one being BaTiO3 covered with a thin Fe wetting
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Figure 5.5: A SEM image of the 773 K annealed Fe film. The EDX spectra were recorded from a point
in the island structure and from a point at the uniform contrast area.

Figure 5.6: EDX spectra obtained from a 26 MLE Fe film on BaTiO3 after annealing to 773 K. (left)
spectrum from an island structure and (right) spectrum from the uniform area.

layer cannot be excluded. In this case, the image contrast could simply be due to the
corresponding difference in work function. The broad black area was found to be
constituted of Fe and hence is labelled Fe in Fig. 5.4 (b). A line profile across the image
shows that the interconnected areas have a height difference to that of the islands with
islands being higher.

Figure 5.7 (a) and (b) show the lower and higher resolution SEM images obtained af-
ter annealing the Fe film to 973 K. Compared to Fig. 5.4, the images clearly demonstrate
the presence of highly ordered directional Fe islands. It is evident from the SEM images
that after annealing to temperatures around 973 K, the film breaks up macroscopically
and self assembles to form islands. The Fe islands are found to be of almost similar
shape with preferential orientation, mostly along the [100] and the [110] directions of
Fe. Although the islands are more uniform compared to the 773 K annealing, differ-
ences in shape and size still exist. The islands are found to possess an average diameter
around 150 nm. This demonstrates that annealing at successively higher temperatures
results in the formation of isolated islands at the cost of interconnected islands. Very
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Figure 5.7: (a) low magnification and (b) high magnification SEM images obtained from a 26 MLE Fe
film on BaTiO3 after annealing to 973 K. The directions are specified in the images with
respect to Fe.

small islands with sizes less than 30 nm are also found to be present. They appear as
bright spots in the image. The large black areas composed of Fe are completely absent
after annealing to 973 K. The contrast difference which existed in the island surround-
ings after 773 K annealing is also missing.

The EDX measurements done on these images reveal that the islands are constituted
of Fe and the surrounding area is of BaTiO3 alone. Hence, the 973 K annealing has
resulted in the formation of uniform islands with uniform surroundings. Even in this
case, the presence of a thin wetting Fe layer on top of the substrate cannot be excluded.

Thus, from the LEED and SEM investigations, it is clear that the film undergoes a
major morphology change when heated above 673 K. This indicates that the film is
metastable.

The growth of metal films on oxide substrates critically depends on the affinity of the
metal to react with oxygen. Thermodynamic factors such as heat of formation (∆H f )
have a strong influence on the stability of the metal- metal oxide interfaces. Metals
having a high ∆H f for oxide formation react strongly with the oxide substrate. One of
the growth modes of thin metal films on oxides is the Frank-van der Merwe growth
whereby a 2D layer-by-layer growth is obtained on top of a flat wetting layer produced
upon deposition of the first layers due to the high affinity of a metal to oxide forma-
tion. The layer-by layer growth is followed until a critical thickness beyond which the
accumulated elastic strain in the film relaxes via the formation of dislocations. In the
Stranski-Krastanow (S-K) growth mode, discrete 3D islands are formed at lower film
thickness resulting from the lowering of strain. In the third growth mode, known as
the Volmer-Weber growth mode, the formation of a wetting layer is suppressed due to
the weak metal-substrate interactions resulting in the agglomeration of the metal into
3D islands [118, 119].

A change in the morphology of the Fe thin film upon annealing indicates that the rate
limiting step in this morphology change has a high activation energy. The rate limiting
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step could be the one involving the “climbing up/down” of Fe across a step edge from
one terrace to another one and this barrier is known as the Ehrlich-Schwoebel barrier
[26]. Because of the fewer nearest neighbors the atom possesses in the transition state
while crossing the step edge, this barrier is generally higher than the barrier for the
surface diffusion on a terrace. Thermodynamically, Fe has a lower heat of formation of
oxide compared to Ti and hence only less interaction is expected for Fe with the BaTiO3

surface. This typically results in low barriers for surface diffusion. If the annealing
temperature is sufficiently high to overcome the Ehrlich-Schwoebel barrier, the atoms
can diffuse to different terraces. In this case, the islands are formed with a preference
to low-index surfaces since they have low surface energies. Since the Fe lattice matches
with the BaTiO3 lattice, (mismatch is only 1.5%), the Fe islands can be expected to have
a (001) plane at the interface which is in agreement with the LEED patterns observed.

(111)
(110)

(100) (101)(100) (101)

(111)(110)

a b

Figure 5.8: (a) SEM image of a representative Fe nanoisland formed after 973 K annealing. (b) A
schematic for the possible island structure for the SEM image shown in (a).

The formation of ordered islands is the result of self assembly leading to faceting,
favoured by thermodynamics and controlled by kinetic factors like nucleation and dif-
fusion. The process of self assembly is driven by diffusion leading to a reduction in
the surface energy of the system by the formation of low index surfaces. In order to
minimize the total surface energy of the system, the planes with lower surface energies
will be favored. The presence of (100) surface as expected from the LEED investiga-
tions is justified since even the formation of high energy planes would yield a lower
energy compared to the flat film due to the reduction of surface area. Therefore, the
island shape is not cubical with (100) surfaces, but pyramidal with (110) surfaces. For
a bcc crystal, the surface energy (γ) of the (100) surface is larger than γ(110) [120] and
therefore the (110) orientation can be expected at the island edges.

The SEM image from a representative Fe island is shown in Fig. 5.8 (a). It is clear
from the figure that the island has a square top surface and resembles an eight sided
pyramid. An analysis of the image indicates that the islands cover only 7-8 % of the
total area. In general, the islands can be imagined to be made of (100) planes at the top
as pointed out by the LEED investigations. The surfaces at the edges have (110) orien-
tation and (111) orientation at the corners. Based on this idea, the different surfaces of
the nanoislands can be identified and assigned as shown in the schematic of Fig. 5.8(b).

Thus, the SEM investigations help to confirm the formation of island structures upon
annealing the uniform Fe thin film. The EDX investigations help to identify the con-
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stituent of the island structures as Fe.

5.3 Interface effects
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Figure 5.9: XA spectra measured at the (a) Ti L2,3, (b) Ba M4,5 and (c) O K edges from a 26 MLE
Fe on BaTiO3 annealed to 973 K using linear polarized light in grazing incidence with
the sample at room temperature. For comparison, the corresponding spectra from clean
BaTiO3 are shown along with. All spectra are normalized to unity at the post edge region.

The changes to the interface of Fe and BaTiO3 due to annealing have been examined
with the help of XAS. The Fe L2,3, Ti L2,3, Ba M4,5 and O K edges have been measured
in total electron yield using linear polarized light in grazing incidence. All spectra are
normalized at the post edge to unity.

Figure 5.9 (a) shows the Ti L2,3 edges XA spectrum measured from the Fe film an-
nealed to 973 K. For comparison, the Ti L2,3 edges spectrum from a clean BaTiO3 sub-
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strate is shown along with. The line shapes of both spectra are equivalent. All spectral
features of Ti L2,3 from clean BaTiO3 substrate are present in the spectrum from the
annealed film. No additional features or splitting of peaks is noted in the Fe film spec-
trum. However, differences are observed in the intensity of pre-edge features and at a
photon energy of 461 eV. A small shift (0.1 eV) towards lower energies is also present
in the Fe film XA spectrum.

The XA spectrum at the Ba M4,5 edges is shown in Fig. 5.9 (b) which also has similar
features with a small energy shift (0.1 eV) compared to that of bulk BaTiO3. The FWHM
of the Ba M4,5 edge peaks and the energy separation after annealing are found to be
equivalent to that of BaTiO3. Even with a high resolution, no differences in the XAS
line shapes which could occur due to oxidation are observed.

The XA spectrum at the O K edge measured after annealing is shown in Fig. 5.9 (c).
The spectrum shows similar features at similar energies to that of bulk BaTiO3. How-
ever, differences in intensity ratios are noted in features A‘, B and C. In addition, similar
to the Ti L2,3 and Ba M4,5 edges, a small energy shift (0.15 eV) towards lower energies
is also present, which can be attributed as an experimental artefact caused by the data
recording problems or a trouble from the beamline.

Hence, apart from the negligible changes observed as energy shift and intensity ra-
tios, the absorption spectra from the annealed film more or less resemble the corre-
sponding spectra from the clean BaTiO3. Hence, it can be concluded that changes to
the electronic structure of BaTiO3 due to annealing is extremely small.

The absence of electronic changes at the interface can be explained energetically as
discussed in chapter 4. In the first row transition metals, the reactivity decreases from
left to right. Among Fe and Ti, the heat of formation of oxide is found to be higher for
titanium compared to Fe. Due to this, the growth of Fe on TiO2 will result in a very
small interaction between Fe and the substrate. First row transition metals such as Cr
and Cu reportedly have low interaction with Ti-oxide surfaces such as TiO2 [121].

The absence of chemical changes at the interface of BaTiO3 might also be contributed
by the reduction of the BaTiO3 substrate. The number of free oxygen at the interface
might be too small to cause further noticeable reduction of the BaTiO3 surface and
oxidation of Fe.

5.4 Magnetic properties of Fe islands

The effect of annealing on the magnetic properties of the Fe layer and self assembled
islands has been studied by means of MOKE and XMCD.

5.4.1 Magneto-Optic Kerr Effect

The magnetic properties have been probed by means of MOKE measurements in the
longitudinal geometry. As shown in chapter 4, the XMCD measurements revealed the
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Figure 5.10: MOKE loops of a 26 MLE Fe film on BaTiO3 measured in the longitudinal mode after
annealing to different temperatures as indicated in the figure legend along the [100]
direction of Fe. All MOKE loops were measured with the sample at room temperature.

in-plane (100) axis of Fe as the magnetic easy axis at 26 MLE thickness. The results
of MOKE investigations after annealing to different temperatures are summarized in
Fig. 5.10 which shows the in-plane longitudinal MOKE loops along the Fe (100) axis
obtained after annealing to different temperatures as indicated. In order to show the
changes more vividly, a selection of loops are shown in Fig. 5.10, based on the changes
observed in coercivity and shape.
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Figure 5.11: Variation of the coercive field and Kerr ellipticity as a function of annealing temperature
for a 26 MLE Fe film on BaTiO3 constructed from the MOKE loops. Spline curves are
used to connect the points which serves as a guide to the eye.

For all MOKE loops, the remanent magnetization (Mr) is found to be close to the
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saturation magnetization (Ms) implying that the magnetic easy axis direction is still
parallel to the film plane and the different annealing steps did not change the easy axis
of the film. For 373-573 K annealing, rectangular hysteresis loops with low coercivities
(Hc) are obtained. The hysteresis loop obtained after 373 K annealing is a narrow loop
with a width of 6.4 Oe. The rectangular shaped MOKE loops exhibiting small coer-
civity is an indication for a multidomain continuous film. The presence of defects and
other structures would have an influence on the shape and hysteresis properties of the
MOKE loops. The loops might become tilted due to the presence of defects which is
not seen here. The coercivity (Hc) remains the same after annealing to 473 and 573 K.

Strong differences are observed when the annealing temperature is increased fur-
ther. To be more precise, when the annealing temperature increases to 673 K, Hc is
enhanced to 22 Oe. With further increment in annealing temperature, the loops be-
come wider, and with 973 K annealing, the coercivity value reaches 115 Oe. Apart
from the change in coercivity, there are evident changes in the shape of the loop and
magnetization. The rectangular shaped hysteresis loops became more rounded at the
corners after annealing to 673 K and above. But the loops were found to be saturated.
With the increase in annealing temperature, the Kerr ellipticity, which is proportional
to the magnetization, gradually decreases. Figure 5.11 summarizes the evolution of
the coercive field as well as the magnetization as a function of annealing temperature.
The Kerr ellipticity values shown in Fig. 5.11 are obtained by adding the magnitude
of the maxima and minima values of Kerr ellipticity from individual measurements.
This corresponds to the width of the MOKE loop. A decrease in the MOKE loop width
is equivalent to a drop in the magnetization. Hence, the increase of coercivity and the
decrease in magnetization are clearly demonstrated and the magnetization is reduced
to nearly 50% of the value at 373 K after annealing to 973 K.

The change in the shape of the loop as well as coercivity and magnetization suggests
changes in the film continuity or structure, as already seen from the SEM images. The
changes in the magnetic properties exactly correspond to the temperatures which dis-
rupt the film morphology. In the next section, the correlation of these changes to the
magnetic moments of the film will be examined and the changes obtained from MOKE
as well as XMCD measurements will be discussed.

5.4.2 X-ray Magnetic Circular Dichroism

In order to further understand the reduction in magnetization, the element specific
magnetic properties have been investigated with XMCD since it offers the possibil-
ity to determine the spin and orbital magnetic moments. The absorption data have
been obtained by measuring in total electron yield in grazing incidence at the [100]
azimuthal direction of Fe. The experiments were performed at the BACH beamline,
Elettra with the sample at room temperature.

The XAS and resultant XMCD spectra at the Fe L2,3 edges taken after different tem-
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Figure 5.12: XAS and XMCD spectra at the Fe L2,3 edges measured from a 26 MLE Fe film on BaTiO3
after annealing to different temperatures as mentioned in the figure legend. The XAS
spectra are normalized to the sum of the maximum at L2 peak.

perature annealing steps are presented in Fig. 5.12. The line shape of normalized XAS
and XMCD spectra correspond to metallic Fe without any additional features from
chemical changes like oxidation. The Fe L2,3 XAS line shape remains the same after
373 and 773 K annealing. The FWHM at the Fe L3 edges in both cases is found to be
3 eV confirming that the annealing does not have pronounced effects on the Fe unoc-
cupied levels.

The difference in normalized XMCD asymmetry with 773 K annealing compared to
373 K annealing is remarkable. The asymmetry after 773 K is only 60% of that of 373 K
annealing. The magnetic moments were calculated from the XMCD spectra and are
summarized in Tab. 5.1.

Table 5.1: Magnetic moments of Fe/BaTiO3 film for different temperatures measured in the [100]
direction of Fe. The temperature is given in K and the asymmetry is given in % for the L3
edge. mS, ml and mtot are in units of µB/atom.

Temperature asymmetry mS ml ml/mS mtot

373 20 2.00 0.11 0.055 2.11
773 13 1.20 0.07 0.058 1.27

bulk Fe [5] 1.98 0.086 0.043 2.07
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The mS and mtot values of the 26 MLE film are similar to those reported for bulk Fe
[5]. However, the ml as well as ml/mS values show a small increment. This might be
due to the reduction in symmetry at the surface similar to that reported for Fe on GaAs
[84]. Overall, the magnetic moments indicate that the 26 MLE film is comparable to
bulk Fe in electronic and magnetic structure.

After annealing to 773 K, the mS, ml and mtot values show a reduction of almost
40%. However, the ml/mS ratio remains constant indicating that the electronic struc-
ture changes are negligible before and after annealing.

Partial oxidation of the Fe film could result in a reduction of magnetic moments.
And, a fully oxidized BaTiO3 substrate can partially oxidize the thin Fe film at the
interface. In the present case, neither the XAS nor AES spectral Fe signals show any
signs of oxidation. This could be due to an already reduced substrate after surface
preparations. Hence, it can be assumed that the surface preparation and the number
of oxygen vacancies play a crucial role in the stability of the interface. This proves that
a slightly reduced BaTiO3 reacts less with Fe layers which would make it an excellent
ferroelectric substrate to be used in combination with metallic ferromagnetic layers for
multiferroic applications.

Another possible reason for the decrement in magnetization could be the structural
transitions of the Fe film upon annealing. Annealing studies performed on 3 MLE
thick Fe films on Cu(100) [122] reported a strong reduction in magnetisation which
was attributed to a fct to fcc structural transition in Fe. However, this is less likely in
the present case because the small lattice mismatch between Fe and BaTiO3 implies the
presence of bcc Fe, rather than fcc or fct Fe.

The evolution of magnetization, coercivity, magnetic moment and Auger electron
peak intensity is the consequence of faceting and island formation of the Fe film as
evident from LEED and SEM investigations. The change in coercivity indicates that
the film begins to break up after 673 K annealing, the LEED images complement this
assumption with the observation of a small change in pattern. The SEM images prove
this, by showing large areas of BaTiO3 along with interconnected long Fe islands as
assessed with EDX.

From the SEM images the average particle size of the present Fe nanostructures has
been determined as around 150 nm. This is more than the reported Fe particle su-
perparamagnetic critical diameter of 20-30 nm for Fe [123]. Hence, the presence of
superparamagnetic islands can be excluded as a reason for the decrease in magnetic
moment. Also, the superparamagnetic particles require larger magnetic fields to reach
saturation since the field has to overcome the thermal energy, kT. The MOKE measure-
ments have shown fully saturated loops which negate the presence of superparamag-
netic islands. The coercivity increase could be due to domain wall pinning after the
creation of islands offering morphological barriers to domain wall motion.

Even though small, the lattice mismatch between Fe and BaTiO3 is found to give
rise to strain in the film [9, 52]. However, this strain is insufficient to induce such large
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variations in magnetic properties since the nanoislands must have less strain compared
to the film.

A comparison of the two thicknesses of Fe layers described (8 MLE and 26 MLE)
yields the information that the initial film thickness is an important factor in determin-
ing the surface morphology as reported in [124]. In the present case, the thin Fe film
indicates the formation of facets after annealing to a comparatively lower tempera-
ture (873 K) compared to the thick film which requires a higher annealing temperature
(973 K) for the formation of islands.

For thin film systems, such as NiZn ferrites, a decrease of anisotropy resulted in a re-
duction of coercivity and an increase in magnetic moment [125]. Self assembly and for-
mation of nanoislands is reported for Fe on Mo(110) grown through pulsed laser depo-
sition at high temperatures around 723 K [115]. The studies of magnetic properties in-
dicated that the island shape controls the anisotropy of the film and they observed zero
remanence for islands with a width larger than 350 nm due to the non-uniform mag-
netic configuration in the island with either domains or vortices [115]. The configura-
tional magnetic anisotropy which dominates over magnetocrystalline anisotropy for Fe
nanoislands is reported to result in the rounding of hysteresis loops as observed for Fe
on MgO [116]. Hence it is possible to ascribe the rounding of MOKE loops observed for
high temperature annealing to a state where the magnetocrystalline anisotropy is dom-
inated by the magnetic anisotropy due to the islands, or in other words, to the shape
anisotropy of the nanoislands. Therefore, the decrease in magnetic moment could be
caused by the competition between the different magnetic anisotropy contributions in
the islands due to the [110] and the [100] orientations of islands. In this case we mea-
sure only the averaged projection of the magnetization of the islands, thereby causing
a reduction in observed magnetic moment.

However, the strong reduction in magnetic moment and magnetization requires con-
sideration of other factors such as the presence of magnetic structures like vortices, the
size of which falls in the average particle size we observe [126]. A magnetic vortex is a
spiral structure of magnetic moments. Such structures have already been reported on
systems like Fe on W [126]. Hence, these magnetic structures can be imagined to be
contributing to the decrease in magnetization as well as to the increase in coercivity.

A random orientation along with the distribution in size results in the distribution
of switching fields which influences the shape of the loop as discussed for Fe on W
[126]. The rounded loops in the present measurements can hence be correlated to a
distribution in the size of particles even though they are highly oriented.

Thus, the MOKE measurements reveal a strong reduction in magnetization and en-
hancement in coercivity upon annealing to 973 K associated with the formation of or-
dered Fe nanoislands. The XMCD investigations also show a reduction in magnetic
moments upon annealing to 773 K. These changes are discussed based on the assump-
tion of the presence of special magnetic structures such as vortices.
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5.5 Conclusions

In this chapter, the formation of the nanoislands of Fe on BaTiO3 due to annealing and
their magnetic properties are described. The thermal treatment induces directional
nanoislands along the [100] and the [110] directions of Fe. The Auger electron spectra
show a reduction in Fe peak intensity indicating the formation of islands which is con-
firmed by the LEED investigations where LEED spots from facets are obtained in ad-
dition to the original ones. Ex-situ SEM investigations reveal the morphology change
from thin film to ordered islands as the annealing temperature increases. SEM images
reveal the formation of ordered islands having a diameter 150 nm and the composition
of the islands was determined as Fe with the help of EDX spectra. XAS investigations
revealed that the formation of the BaTiO3/Fe interface did not give rise to changes in
the oxidation state of either Fe or BaTiO3.

The magnetization process of the Fe thin film is found to be largely affected by the
variation of annealing temperature. The magnetic properties measured as a function
of annealing temperature reveal changes to coercivity, magnetization and magnetic
moments. The MOKE measurements reveal an increase in coercivity of the film from
6.4 Oe to 115 Oe upon annealing to 973 K. The magnetic moment of the film is found
to be similar to that of bulk after 373 K annealing and a reduction of nearly 40% is ob-
tained upon annealing to 773 K. Upon annealing to 973 K, the magnetization exhibited
a reduction to around 50% of the value after 373 K annealing. The reduction in the
magnetic moment and the magnetization are attributed to the presence of magnetic
structures such as vortices. In addition to the changes in magnitude, the shape of the
MOKE loop became rounded which is correlated to a distribution in particle size.

The importance of initial film thickness and annealing temperature on the faceting
of metal films on oxide substrates is demonstrated. This self assembly is explained on
the basis of thermodynamic and kinetic considerations. Control over the desired mor-
phology and properties can be achieved in the self assembly process by controlling
the annealing temperature, duration of annealing and the initial film thickness. There-
fore, such an approach can be made use of in designing novel ordered structures with
metals on oxidic substrates. We strongly believe that the present work will motivate
research on the morphology controlled growth of this multiferroic system.
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6 Growth and magnetic properties of
Fe ultrathin films on BaTiO3 layers

Magnetoelectric coupling across multiferroic interfaces is appealing because of the well
known ferroelectric control of magnetism [34]. Most of the studies on the magnetoelec-
tric coupling in heterostructures have been reported for ferromagnetic layers on ferro-
electric crystals. The need of high voltages for switching the polarization of the fer-
roelectric substrates is an obstacle in the commercial application of these materials. In
this context, thin layers of ferroelectric materials such as BaTiO3 will be beneficial since
the voltages required for the reversal of polarization in these layers will be smaller than
their thick counterparts.

Regarding the applications of ferroelectric thin films, Zhang and co-workers re-
ported the control of magnetism of NiFe film on BaTiO3 film with the application of a
small voltage, around tens of volts [127]. It is also reported that the magnetization in
Ni/BaTiO3 hybrid structures can be irreversibly switched using the electric field de-
pendence of the magnetic coercivity [12]. These experiments bring in the promise of
future spintronic applications involving BaTiO3 layers.

The magnetism of Fe on BaTiO3 single crystal substrates is already discussed in
chapter 4. This chapter begins with a brief introduction in section 6.1 followed by a
detailed characterisation of BaTiO3(100) layers on Pt(100) and SrTiO3(100) substrates
using XAS discussed in section 6.2. The changes at the interface due to the evaporation
of Fe investigated using XAS will be described in section 6.3. The magnetic proper-
ties of Fe thin films grown on BaTiO3(100)/Pt(100) will be elucidated in section 6.4
followed by the main conclusions of this chapter in section 6.5.

6.1 Introduction

Thin films of BaTiO3(100) have certain advantages over single crystals when it comes
to applications, especially in spintronics. Apart from comparatively lower voltages
required for switching the polarization, the layer samples do not suffer from structural
breakdown after passing through phase transitions a number of times.

Growth of thin films of ferroelectric materials has been picking up momentum lately.
Considerable efforts have been made to fabricate and study the properties of BaTiO3

thin films by means of various techniques. Different deposition techniques such as
radio frequency sputtering, pulsed laser deposition, chemical vapor deposition, and
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ultrasonic spraying technique have been employed in the preparation of BaTiO3 layers
as discussed in [128, 129, 24, 130]. Nano-crystalline BaTiO3 films have been evaporated
on Pt/Ti/SiO2/Si substrates by RF magnetron sputtering at 773 K [131]. However, the
change in the film stoichiometry compared to the source material and the creation of
surface defects cannot be ruled out [132, 133]. Hence, the study of the films by means
of any surface sensitive technique such as XAS is necessitated.

Pt and SrTiO3 are found to be good substrates to grow BaTiO3 films because of the
lattice match. Förster and co-workers have prepared the BaTiO3(100) layers on Pt(100)
by means of sputter deposition [24]. Recently, Lee and co-workers have investigated
the interfacial coupling in tricomponent superlattices like Fe/BaTiO3(PbTiO3)/Pt sys-
tem using first principles [13]. They describe a polarization-induced change in the
magnetization at the interface, which gives rise to a magnetoelectric coupling and
makes the electric control of magnetism possible. This makes the Fe/BaTiO3/Pt an
attractive system for magnetic investigations. Brivio and co-workers reported the for-
mation of BaTiO3 layers via pulsed laser deposition (PLD) and also studied the growth
and magnetism of Fe layers in the 1-3 nm thickness range using MOKE hysteresis loops
[49]. Although they did not detect any sizable interdiffusion of cations and Fe, oxida-
tion of interface Fe atoms is reported. However, as discussed in chapter 4, since the
oxidation of Fe is ruled out in an Fe/BaTiO3 single crystal interface, similar investiga-
tions on the BaTiO3 layer substrates are important.

6.2 Characterization of BaTiO3(100) layers

XAS is well suited to study the unoccupied electronic structure in oxide thin films due
to the element specificity. Variations in the electronic structure of the BaTiO3 layers
which might occur due to the different preparation methods are studied by means of
XAS.

The high resolution XA spectra measured at the Ti L2,3, Ba M4,5 and O K absorption
edges of two different BaTiO3(100) layer samples prepared by two different deposition
techniques - pulsed laser deposition and magnetron sputtering are shown in Fig. 6.1.
To enable an easy comparison, the spectra from bulk BaTiO3 measured in the same ge-
ometry and discussed in chapter 4, are also shown along with. The spectra are recorded
using linear polarized light in grazing incidence at room temperature in total electron
yield mode and are normalized to the incident X-ray flux using the drain current from
the last refocussing mirror in the beamline. Since the X-axis (photon energy) range was
different for the different measurements, the Ti L2,3 spectra in Fig. 6.1 (a) are normal-
ized to unity at 470 eV, the Ba M4,5 spectra in Fig. 6.1 (b) at 807 eV and O K spectra in
Fig. 6.1 (c) at 550 eV. The spectra offer an energy resolution of 0.1 eV at the Ti L2,3 edges
and 0.2 eV at the O K edges, which helps to study the small features in more detail.

For brevity, the different features and the associated energies are summarized and
compared to corresponding bulk BaTiO3 values in Tab. 6.1, Tab. 6.2 and Tab. 6.3. The
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Figure 6.1: XA spectra of the (a) Ti L2,3, (b) Ba M4,5 and (c) O K edges of BaTiO3 thin films on
Pt(100) and SrTiO3(100) compared to those from the BaTiO3 single crystal substrates.
The spectra are measured with linear polarized light in grazing incidence in the [001]
direction of BaTiO3 at room temperature in the TEY mode.

electronic transitions at the Ti L2,3, Ba M4,5 and O K edges are described in detail in
chapter 4 for a BaTiO3(001) single crystal.

Table 6.1: The different features and the associated energies at the Ti L2,3 edges measured from
BaTiO3 layers using X-ray absorption in TEY mode compared to the corresponding energies
of features obtained from a BaTiO3(001) single crystal. The spectra are shown in Fig. 6.1.

Sample Ti pre-edge Ti L3 Ti L2

BaTiO3(100)/Pt(100) 455.8, 456.4 457.30, 459.3 462.7, 464.7
BaTiO3(100)/SrTiO3(100) 455.8, 456.4 457.20, 459, 459.8 462.6, 464.6

BaTiO3(001) 455.8, 456.4 457.25, 459.4 462.7, 464.7
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Table 6.2: The features and the associated energies at the Ba M4,5 edges from the XA spectra of
BaTiO3 layers shown in Fig. 6.1 compared to a BaTiO3(001) single crystal absorption
features.

Sample Ba pre-edge Ba M5 Ba M4

BaTiO3(100)/Pt(100) 779.6 783.0 797.8
BaTiO3(100)/SrTiO3(100) 779.6 782.6 797.2

BaTiO3(001) 779.8 783.0 797.8

Table 6.3: The features and the corresponding energies at the O K edge from the XA spectra of
BaTiO3 layers shown in Fig.6.1 compared to a BaTiO3(001) single crystal XAS.

Sample O K edge (A) O K edge (B) O K edge (C)
BaTiO3(100)/Pt(100) 529.8 535.8 539.8

BaTiO3(100)/SrTiO3(100) 529.75 535.75 539.75
BaTiO3(001) 529.9 535.9 539.8

The pre-edge features at the Ti L2,3 edges from both BaTiO3 layers shown in
Fig. 6.1 (a) and tabulated energies in Tab. 6.1 are consistent with the observa-
tions from the bulk BaTiO3 sample. At the Ti L3 edge, the BaTiO3/Pt sample
shows two peaks whereas a splitting of the lower energy peak is observed for the
BaTiO3(100)/SrTiO3(100) sample. The Ti L2 edge comprises of two features for both
samples and the energies and the energy separation of the BaTiO3(100)/Pt(100) sample
match well with that of the BaTiO3(100) sample. The BaTiO3(100)/SrTiO3(100) sample
shows a small energy shift (0.1 eV) at the L2 edge. Differences also exist in the in-
tensity ratios of the different features for the two samples. As seen from Fig. 6.1, the
normalized absorption intensity from the BaTiO3(100)/Pt(100) is found to be higher
than the other two samples. Similarly, the intensity of pre-edge features is found to be
prominent in the BaTiO3(100)/SrTiO3(100) compared to other samples.

The corresponding transitions at the Ti L2,3 edges are attributed to the Ti 3d band
which is split into t2g and eg subbands according to the multiplet theory. Hence, any
changes in the features indicate changes in the corresponding unoccupied electronic
structure. This leads to the assumption that their preparation has caused deviations in
the Ti environment which gets reflected in the spectral contributions.

The eg states consist of dz2 and dx2−y2 orbitals and are usually directed towards
ligand anions which makes them sensitive to changes from Ti octahedral symmetry
[134]. De Groot and co-workers studied TiO2 compounds and attributed the split-
ting/broadening of peaks to distortions in the octahedral symmetry around the Ti
atom [135]. This would indicate that the distortion can be caused by the presence of
oxygen vacancies around Ti resulting in a reduced state of Ti. However, Crocombette
and co-workers argued that the existence of peak splitting in TiO2 compounds cannot
be ascribed to differences between the titanium oxides in the first coordination shell of
the cation, instead they attributed it to the medium-range order effect originating from
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at least-second-neighbor interactions [136]. By going with this analysis, the splitting
can be understood as originating from the distortions around the Ti atom, either first
or second nearest neighbors.

The Ba M4,5 edges absorption spectra from the different samples are shown in
Fig. 6.1 (b). The pre-edge feature at 779.8 eV in BaTiO3(001) is seen to be slightly shifted
to lower energies for both BaTiO3(100)/Pt(100) and BaTiO3(100)/SrTiO3(100) samples.
The M4,5 features from BaTiO3(100)/Pt(100) are similar to those of the BaTiO3(001).
However, the M4,5 peaks from BaTiO3(100)/SrTiO3(100) are shifted to lower energies
compared to the BaTiO3(001) single crystal. The Ba L3 edge shows additional peak
splitting for the BaTiO3(100)/SrTiO3(100) sample. This indicates that even the Ba atom
is affected by changes in Ti.

At the O K edge, presented in Fig. 6.1 (c), the different contributions are labelled from
A to E in accordance with the calculated XA spectrum from [64] to enable an easy com-
parison. All main features from BaTiO3(001) are reproduced in BaTiO3(100)/Pt(100)
and BaTiO3(100)/SrTiO3(100). The different features observed at the O K edge are the
result of transitions from O 1s core levels to unoccupied 2p states which are also hy-
bridized with the 3d and 4sp bands of Ti. Figure 6.1 (c) reveals differences in the energy
region between features A and B. Particularly for BaTiO3(100)/SrTiO3(100), the feature
A‘ is shifted to lower energies. However, the energy separation between all other fea-
tures is consistent with BaTiO3(001). The region from A to B in BaTiO3(100)/Pt(100)
sample matches well with that of the BaTiO3(001) sample, except for a small energy
shift (0.1 eV), indicating that the surface oxygen composition and configuration are
very similar to the BaTiO3(001). The highest absorption intensity is observed for
BaTiO3(001) and the lowest is found for BaTiO3(100)/Pt(100). From a comparison to
bulk BaTiO3 spectra, the BaTiO3(100)/Pt(100) appears to be only slightly reduced.

The spectral modifications in the energy region between features A and B can be ex-
plained using the concept of orbital hybridisation as interpreted for Pb0.5Ca0.5TiO3 and
Pb1−xLaxTiO3 compounds [137, 138]. The presence of a reduced Ti could lead to a sim-
ilar effect for the BaTiO3 layers investigated resulting in the reduction of hybridisation
between O 2p and Ti 3d and 4sp levels.

The lattice mismatch for the BaTiO3 layers is different for SrTiO3(100) (2.2%) and
Pt(100) (1.8%). This lattice mismatch is calculated by considering the lattice param-
eters as: aSrTiO3(100)=3.905 Å and aPt(100)=3.92 Å and aBaTiO3(100)=3.991 Å. Hence, the
strain due to the lattice mismatch can be thought of as another reason for the observed
spectral changes. Lattice mismatch and the resultant compressive and expansive strain
between the layer and the underlying substrate might lead to a tetragonal distortion
of Ti octahedral symmetry. This in turn would lift the degeneracy of the dz2 and dx2−y2

orbitals. However, the difference in strain might be very small and hence if observed,
the spectral changes must also be small.

Hence, from XAS investigations, more agreement is found between the
BaTiO3(100)/Pt(100) layers and BaTiO3(001) electronic structure. The lattice mismatch
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is also smaller in the BaTiO3(100)/Pt(100) layers than the BaTiO3(100)/SrTiO3(100) lay-
ers and makes them well suited for further measurements.

6.3 Investigation of interface stability

The changes at the Fe/BaTiO3(100)/Pt(100) interface, after Fe evaporation have been
investigated by means of XAS. Figure 6.2 shows the normalized XA spectra at the
Ti L2,3, Ba M4,5, O K and Fe L2,3 edges measured in the TEY mode with linear polarized
light in grazing incidence.

Figure 6.2 (a) shows the Ti L2,3 edges absorption spectrum measured from a 7 MLE
Fe/BaTiO3/Pt compared to the BaTiO3 and the BaTiO3/Pt absorption spectra. At the
Ti L2,3 edges of BaTiO3/Pt, a small energy shift (0.1 eV) of the L2 and L3 features is
observed. However, all features, including the pre-edge peaks are present without any
obvious splitting. These XA spectra indicate the absence of distortion on the titanium
site. Even if the Ti is distorted, the extent is so small that the concerned changes are not
discernible.

The Ba M4,5 edges XA spectra are shown in Fig. 6.2 (b) after evaporating a 7 MLE
Fe film. After evaporation of Fe, the peaks are similar to those of the BaTiO3 and
the BaTiO3/Pt samples. All features including the pre-edge feature are present. In
addition, no splitting of peaks or shift in energy is noted.

The O K edge XA spectra are presented in Fig. 6.2 (c). The intensity of peaks in the
O K edge absorption spectrum goes down exponentially with an increase in Fe thick-
ness. Hence, the O K edge spectra shown in Fig. 6.2 (c) are measured after evaporating
1 MLE of Fe. Modifications are observed especially in features A, A‘, B and C. This
points to the changes in orbital hybridisations such as O 2p → Ti 3d, 4sp although no
major changes to the Ti site are visible in Fig. 6.2 (a).

In order to study the electronic and the magnetic properties from a broad range of
thickness, the Fe L2,3 edges XA spectra have been measured from the Fe thin films
of thickness ranging from 1 MLE to 18 MLE. Starting from 1 MLE, the Fe L2,3 XAS
revealed typical features of metallic Fe with L2 and L3 edge peaks at all thicknesses.
The FWHM at the Fe L3 edge is found to be 3.2 eV which is in agreement with the
values obtained from the Fe layers on the BaTiO3 single crystal substrates. The XA
spectrum of a 7 MLE Fe film on BaTiO3/Pt measured using linear polarized light is
presented in Fig. 6.2 (d). The absence of splitting of peaks or shift in energies indicate
the absence of oxidation in the Fe films at the interface contrary to that reported for Fe
films on BaTiO3/SrTiO3 [49].
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Figure 6.2: The XA spectra measured at the Ti L2,3, Ba M4,5, O K and Fe L2,3 edges after evapo-
ration of Fe layers on BaTiO3/Pt. The spectra are measured at room temperature in the
TEY mode using linear polarized light in grazing incidence. They are compared to the
corresponding edge spectra from BaTiO3 and BaTiO3/Pt.
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In particular, the XA spectrum at the Fe L2,3 edges indicates the absence of oxida-
tion. Hence, the presence of a sharp interface (starting from 1 MLE Fe) is confirmed.
The non-mixing at the interface can be interpreted with the consideration of thermody-
namic factors such as heat of formation of metal oxide being lower for Fe compared to
Ti and Ba, as explained already in chapter 4. The slightly reduced BaTiO3 layers might
also lower the possibility of oxidizing the Fe further since the amount of free oxygen at
the layer surface might be too small to cause further changes in the Fe oxidation state.

6.4 Magnetic properties of Fe films on
BaTiO3(100)/Pt(100)

The focus of this section is the intriguing magnetic properties of the Fe films on the
BaTiO3(100)/Pt(100) examined after evaporating uniform thin films and wedge film
samples of Fe. The deposition of Fe wedge film and uniform film are described in
chapter 3. And the correspondence of wedge data to that of a continuous film is already
established in chapter 4. The evaporation has been done at room temperature and the
film was later annealed to 373 K for 10 min. The Fe films have been characterised by
means of Auger electron spectroscopy and XAS. The magnetic properties have been
investigated with XMCD spectroscopy. All measurements have been done with the
sample at room temperature.

6.4.1 Thickness dependence

The thickness dependence of the magnetic properties has been studied using a wedge-
shaped Fe film. Figure 6.3 (a) shows the normalized Fe L2,3 edges absorption spectra
and the corresponding XMCD (in Fig. 6.3 (b)) of an 8 MLE Fe film on BaTiO3 layers
measured in the [110] direction of Fe. Similar to the XAS spectra, the XMCD line shapes
from all Fe thicknesses are identical, overlap with each other and show no spectral
features due to oxidation. The Fe films show an in-plane magnetic anisotropy for all
thicknesses investigated. The XMCD spectra did not show any peaks until a thickness
of 5.5 MLE indicating the absence of ferromagnetism below 5.5 MLE. This corresponds
to the non-ferromagnetic region as observed in the case of Fe layers on BaTiO3. The
reason for the absence of magnetism is not well studied in this case. However, it can be
attributed to the formation of either superparamagnetic islands or small islands where
the long range order is absent owing to the similarities to the Fe film on a BaTiO3

single crystal substrate. Ferromagnetism sets in at a point where the coalesced island
size exceeds the critical length required for ferromagnetism.

The Fe L2,3 edges XMCD spectra measured from the Fe films are shown in Fig. 6.4 (a).
The signal to noise ratio is found to improve with increasing thickness. The XMCD
spectra obtained from all thicknesses show bulklike features with a negative peak at
the L3 edge and a positive peak at the L2 edge. The splitting of the L3 peak observed
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Figure 6.3: Normalized (a) XAS and (b) XMCD spectra measured at the Fe L2,3 edges of an 8 MLE
Fe film on BaTiO3(100)/Pt(100) in the [100] direction of BaTiO3(100).

for the thin layers (5.5 and 6 MLE) stems from a lower signal to noise ratio compared
to thick layers. As the thickness of the Fe layers increase, the peak intensities also
increase. A very small positive feature is observed at 710.2 eV. This feature has been
observed for the Fe layers on BaTiO3 single crystal substrates and has been discussed
in chapter 4. The clear cascading behavior of the XMCD peak intensities points to the
evolution of ferromagnetism as the film thickness increases.

In order to clearly understand the effect of thickness on the magnetic properties,
the variation of the normalized XMCD asymmetry obtained from the XMCD spectra
is plotted in Fig. 6.4 (b) as a function of the Fe film thickness. After the ferromag-
netic onset at 5.5 MLE, the XMCD peak intensity increases steadily upto a thickness of
about 8 MLE. This corresponds to an intermediate region where the magnitude of the
XMCD is less than that of bulk. With further increase in Fe thickness, the XMCD inten-
sity reaches saturation, in other words, bulk Fe-like values. In this region, the XMCD
intensity stays constant with further increase in thickness.

Hence, similar to Fe films on BaTiO3, the ferromagnetism evolves through two
phases, namely, a non-magnetic phase below 5.5 MLE and a ferromagnetic phase (con-
sisting of an intermediate region and fully saturated region) afterwards. The inter-
mediate region corresponds to the region of asymmetry increase due to the coalition
of islands. At the saturation thickness, the islands are large enough to pertain a long
range order. The intermediate region where the magnetism increases as the thickness
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Figure 6.4: The normalized (a) XMCD spectra and (b) Fe L3 edge XMCD asymmetry values of Fe
films on BaTiO3/Pt studied as a function of film thickness. The asymmetry values are
obtained by normalizing the L3 edge maxima to unity as described in the text. The error
bars represent deviations obtained due to experimental errors and spectral analysis.

is increased, is found to be about 2.5 MLE wide. This is slightly wider than (wider by
0.5 MLE) the intermediate region for Fe thin films on BaTiO3. This difference could
result from a difference in growth and morphology of Fe on top of BaTiO3 layers.

Absolute values of orbital moment (ml), spin moment (mS) and total magnetic mo-
ment (mTot) have been estimated by the application of sum rules [5] as discussed in
chapter 2. Table 6.4 summarizes the values of the L3 edge asymmetry, ml, mS, mTot and
ml/mS obtained from the Fe L2,3 XAS and XMCD spectra for different thicknesses of
Fe.

Table 6.4: The magnetic moments (in Bohr magnetons) calculated from the L2,3 XAS and XMCD
spectra of Fe films on BaTiO3/Pt in the [100] direction of BaTiO3. (Values are given in
units of µB/atom.)

Thickness L3 asymmetry mS ml ml/mS mTot

(MLE) (%)
6.0 9 0.84 0.09 0.107 0.93
8.5 16.3 1.65 0.12 0.075 1.77

Fe bulk [5] 1.98 0.086 0.043 2.07

From Tab. 6.4, the observed spin moment (mS) for the thick Fe films is 1.65 µB/atom,
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which is lower than that of bulk bcc Fe [5, 42]. However, the orbital moment
(ml) is 0.12 µB/atom which shows an enhancement compared to the bulk value,
0.086 µB/atom. Due to the higher noise, the estimated moments have a maximum
error of 20%. It is expected in thin film surfaces due to the reduced dimensionality
and hence the symmetry breaking at the interface as described in reference [84]. The
decrease in orbital moment with increase in thickness can be understood similar to
that observed in the case of Fe clusters where the cluster-cluster interactions cause a
decrease in orbital moment due to the increase in the average atomic coordination [87].
The spin moment is less affected by the cluster-cluster interactions. The magnetic mo-
ments obtained are found to be in agreement with the Fe/BaTiO3 system as shown in
chapter 4.

The orbital to spin moment ratio (ml/mS) is higher for all thin films investigated in
comparison to the reported bulk Fe values. From Tab. 6.4, we can figure out the varia-
tion of ml/mS ratio which is closely associated with the change of electronic structure
in thin films [42]. The ratio is larger for smaller thicknesses implying that as the coor-
dination increases, the ratio decreases.

The mTot values of Fe shown in Tab. 6.4 are lower than the reported bulk Fe values
[5, 42]. This decrement indicates the presence of a magnetic anisotropy in the thin
films. More investigations of direction specific magnetic properties are described in
the next section.

To conclude, the magnetic properties of the Fe films on BaTiO3 layers resemble those
on the single crystal BaTiO3. This proves the point that the BaTiO3 layers can be advan-
tageously employed as a substitution instead of single crystals in multiferroic switch-
ing applications.

6.4.2 Azimuthal angle dependence

For Fe films on BaTiO3, a spin reorientation transition (SRT) is described in chapter 4.
In order to study the effect of the BaTiO3 thickness on the SRT, the angle dependence
of XMCD has been measured with Fe layers of two different thicknesses on BaTiO3/Pt.

The normalized XA spectra at the Fe L2,3 edges from the Fe films with 6.5 and
8.5 MLE thickness, acquired with two different azimuthal sample orientations rela-
tive to the photon propagation vector are shown in Fig. 6.5 (a), (b), (d) and (e). The
resultant XMCD spectrum of a 6.5 MLE thick Fe film is shown in Fig. 6.5 (c) and that of
an 8.5 MLE film is shown in Fig. 6.5 (f). The XAS and XMCD spectra do not show any
change in line shape upon changing the azimuthal angle. However, the magnitude of
the XMCD asymmetry varies in accordance to the changes in azimuthal angle.

For the thin film (6.5 MLE), the XMCD magnitude is higher in the Fe [110] orien-
tation than in the [100], thereby indicating that the magnetization easy axis is closer
to the [110]. Whereas for the thick film (8.5 MLE), the XMCD signal is more along
the Fe [100] orientation, which is similar to bulk Fe behavior. The XMCD asymmetry
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Figure 6.5: Normalized XAS and XMCD spectra measured at the Fe L2,3 edges of 6.5 and 8.5 MLE
Fe films on BaTiO3(100)/Pt(100) acquired in different azimuthal angles with respect to
the Fe[100] direction. The directions are specified in the figure legend.

along the [100] direction is found to be only 76% of that along the [110]. Thus, for thin
films, an easy axis is observed along the Fe[110] direction which rotates in-plane to
the [100] direction of Fe for thick films. Hence, an SRT within this thickness regime
(6.5 to 8.5 MLE) is observed. The thickness at which the SRT occurs in the Fe films on
BaTiO3/Pt is very similar to that of the Fe film on BaTiO3 substrate.

In order to verify the observations quantitatively, the orbital, spin and total mag-
netic moments have been calculated using sum rules. The calculated values of mS,
ml, ml/mS and mTot for 6.5 and 8.5 MLE Fe films measured in the different azimuthal
directions are summarized in Tab. 6.5 and Tab. 6.6.

From Tab. 6.5 and Tab. 6.6, it can be clearly seen that for the 6.5 MLE Fe film, the mS,
ml and mTot values in the [110] direction of Fe are high compared to the [100] direc-
tion. The ml/mS ratio remains the same in both directions indicating the uniformity
of the film in two directions and essentially a similar electronic structure in the film.
Compared to bulk Fe values [5], the mS and mTot values are found to be smaller. How-
ever, the orbital moment shows an enhancement in the [110] direction which could be

100



Azimuthal angle dependence

Table 6.5: The magnetic moments calculated from the Fe L2,3 edges XAS and XMCD measured on a
6.5 MLE Fe/BaTiO3/Pt in different directions. (Values are given in units of µB/atom.)

Direction L3 asymmetry mS calculated ml corrected ml ml/mS mTot

(%)
[110] 11.9 1.13 0.127 0.119 0.105 1.24
[100] 9.1 0.86 0.098 0.092 0.107 0.95

Table 6.6: The magnetic moments calculated from the Fe L2,3 edges XAS and XMCD measured on
an 8.5 MLE Fe/BaTiO3/Pt in different directions. (Values are given in units of µB/atom.)

Direction L3 asymmetry mS calculated ml corrected ml ml/mS mTot

(%)
[110] 16.4 1.65 0.157 0.148 0.090 1.80
[100] 19.4 1.85 0.190 0.179 0.097 2.03

attributed to the contribution from the reduction of the coordination numbers at the
surface [84]. The ratio is also higher than the reported bulk Fe values, however, com-
parable to some of the reported values for the Fe thin films as well as nanoclusters
[5, 87, 88, 89].

In contrast to the 6.5 MLE film, the angular distribution of mS, ml and mTot values
calculated for the 8.5 MLE Fe film, shows higher values in the [100] direction of Fe
compared to the [110] direction. The ml/mS ratio of the 8.5 MLE film shows a small
deviation in these directions. This deviation could be attributed to the uncertainties
in measurements, and not to changes in the electronic structure. However, the ml/mS

of the 8.5 MLE film is slightly smaller than that of the 6.5 MLE film. The mS and mTot

values calculated from the 8.5 MLE data in the [100] direction resemble the Fe bulk
values with a very small reduction. An enhancement in the ml values is found owing
to the ultrathin limit of the film and the unquenched surface contribution to the total
orbital moment [84].

A quantitative description for the reduction of magnetic moments along different
directions is as follows. The magnetization along the easy axis is given by, Mscosφ

[101], where φ is the angle between the applied field and magnetic easy axis. Thus for
an easy axis along the [110] direction, the magnetization along the [100] is obtained by
substituting 45◦ and in principle, along the [100], a reduction of 29% of the magnetiza-
tion can be expected. This is closer to the 24% reduction observed for the 6.5 MLE Fe,
when the easy axis is parallel to the [110] and the measurement direction is the [100].
The 11% reduction in the case of 8.5 MLE can be accounted by a scenario where the
easy axis is not completely parallel to the [100], but has an angle from [100]. Very small
differences in these values stem from the possible experimental differences in setting
the angle.

The results of azimuthal angle dependent magnetic measurements can be qualita-
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tively compared to that of other systems which exhibit a thickness dependent in-plane
SRT, for instance, Fe/BaTiO3(001) (discussed in chapter 4), Fe(110)/GaAs(110) and
Fe(001)/MgO(001) [98, 99]. We arrive at the following assumptions: the BaTiO3 thick-
ness does not have much influence on the SRT since the thickness of SRT remains the
same (within experimental errors) for BaTiO3 single crystal substrate as well as layers.
In comparison to the Fe/MgO system, which has a higher lattice mismatch, the SRT
thickness is strikingly similar. Hence, we can conclude that the strain does not hold a
key role in the SRT. The magnetic properties as well as the SRT observed in this sys-
tem indicate a similar structure, growth and magnetism of Fe layers on BaTiO3/Pt and
single crystal BaTiO3 substrates.

In general, the SRT is attributed to the surface anisotropy which originates due to
interface Fe-Ti interactions and spin-orbit coupling, with an indication of spin-orbit
coupling in the present system coming from the increased orbital moment values as
well as ml/mS ratios. The ml/mS in the thin films is enhanced by almost 100% in
comparison to the bulk Fe.

A small positive XMCD feature after the Fe L3 edge has been experimentally real-
ized in GaxFe1−x and attributed to transitions from the 2p core level to the unoccupied
majority spin band [93] which has also been supported by earlier theoretical studies
[94, 95]. Arenholz and co-workers correlated the magnetoelastic energy to the elec-
tronic states located near the Fermi level [93]. Hence, in the present case, the small
positive XMCD at 710.2 eV can be correlated to an unoccupied majority spin band.
However, before and after the SRT, the feature does not change sign indicating absence
of changes in the majority spin band. Therefore, the role of magnetoelastic energy as a
main contribution for the SRT may be excluded with the help of the present measure-
ments. This is in agreement with the earlier reports suggesting that magnetoelastic
interactions do not play a key role in SRT [97].

The magnetic properties of Fe layers on BaTiO3(100)/Pt(100) can also be compared
to Fe layers on Pt(100) [139]. The structural and the magnetic investigations of the Fe
layers on Pt(100) reveal the formation of a disordered alloy film due to the exchange
of Fe atoms with the substrate Pt atoms. Remarkably, an SRT from the out-of-plane to
in-plane direction is observed in 600 K annealed Fe films above a thickness of 5.2 MLE,
which is attributed to the formation of Fe-Pt ordered alloys [139]. However, the XA
spectra measured from the Fe/BaTiO3(100)/Pt(100) do not suggest the formation of an
Fe-Pt alloy and therefore this can be rejected as the reason for the SRT.

In short, with the angle dependent XMCD measurements of the Fe films on BaTiO3

layers, an in-plane rotation of the magnetic easy axis from the [110] to the [100] di-
rection is observed as the thickness of Fe increases. The measurements of anisotropy
constants with MOKE or other similar experiments will help to understand the surface
anisotropy contribution to the SRT due to a spin-orbit coupling and also to establish
the reason of such transitions as anisotropy driven or dimensionality driven (due to
the effect of the crystal field).
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6.5 Conclusions

The BaTiO3(100) layers on two different substrates, Pt(100) and SrTiO3(100), have been
characterized using X-ray absorption spectroscopy. The XA spectra measured at the
Ti L2,3, Ba M4,5 and O K edges from the BaTiO3(100) layers on Pt(100) agree well with
the corresponding spectra from single crystals. For BaTiO3(100) layers on SrTiO3(100),
a splitting of the spectral features is observed at the Ti L2,3 and Ba M4,5 edges as well
as changes in the O K edge spectra indicating a difference in electronic structure com-
pared to single crystal substrates. This is attributed to the tetragonal distortion around
the Ti atom.

Fe films have been evaporated onto the BaTiO3(100) layers on Pt(100) and the in-
terface stability has been investigated with XAS. The interface is found to be sharp
due to the absence of spectral changes. The magnetic properties of the Fe film on
BaTiO3(100)/Pt(100) have been studied using XMCD. The thickness and azimuthal
angle dependence of XMCD are demonstrated. The Fe films did not show an out-of
plane magnetism. The onset of in-plane ferromagnetism is observed at 5.5 MLE. Then
the XMCD asymmetry gradually increases until around 8.5 MLE and reach saturation
values thereafter. Magnetic moments calculated according to the sum rules reveal an
enhancement in orbital moment compared to the bulk Fe. The spin moments of thick
films are found to be similar to the Fe bulk values. The orbital to spin moment ratio
values are in agreement to those reported for the Fe thin films on other substrates. The
measurements on the azimuthal angle dependence revealed an in-plane spin reorien-
tation transition as a function of film thickness. For thin layers, the Fe[110] direction
is found to be the easy axis which changes to the [100] for thicker films. This SRT is
attributed to the spin-orbit coupling driven magnetic anisotropy change at the inter-
face. The experiments help to figure out that the major contribution to the SRT is not
caused by magnetoelastic interactions. To conclude, the measurements described in
this chapter demonstrates the magnetic properties of Fe films on BaTiO3 layers and
these properties are in agreement to those of Fe on BaTiO3 single crystals. Hence, the
BaTiO3 layers can be effectively used as substitute for BaTiO3 single crystals in polar-
ization switching studies as well as multiferroic applications.
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7 Growth and magnetic properties of
ultrathin Fe3O4 films on BaTiO3(001)

Fe3O4 is a mixed valence oxide (Fe2+ and Fe3+) which exhibits interesting properties
such as half metallicity, spin polarization and is widely used for a variety of applica-
tions like spintronics [140, 141].

This chapter discusses the characterisation and magnetic properties of Fe3O4 thin
films on BaTiO3(001) deposited by means of reactive metal evaporation. The chapter
begins with an introduction in section 7.1 followed by the XAS characterisation of the
Fe3O4 thin films and the Fe3O4/BaTiO3(001) interface in section 7.2. The magnetic
properties of the as prepared thin films will be elucidated in section 7.3 where the
dependence of annealing temperature on the formation of Fe3O4 will be explained in
subsection 7.3.1. The magnetic properties investigated as a function of azimuthal angle
and the thickness of films are expressed in subsections 7.3.2 and 7.3.3 respectively. The
XMLD measurements are described in 7.3.4 followed by conclusions drawn from this
work presented in section 7.4.

7.1 Introduction

First principles calculations by Niranjan et al. [14] predict a magnetoelectric effect
at the Fe3O4/BaTiO3 interface, which stems from interface bonding. This prediction
opens up the possibility of utilizing these materials for multifunctional device appli-
cations. The manipulation of such structures needs the understanding of the interface
and the magnetic properties of this system since they have predicted the existence of
two interface structures of Fe3O4 and calculated that the strength of the magnetoelec-
tric coupling depends on the interface structure. In addition, the important influence
of the surface and the interface on the magnetic properties of ultrathin films fuels the
need for further investigations.

In a study of BaTiO3-Fe-oxide nanoparticles, Kim and co-workers employed XAS
and XMCD experiments to investigate the interface electronic structure [48]. They
found that the valence states of the Fe ions in the shells are in agreement with bulk.
They also performed XMCD measurements at the Ti L edge and the results indicated
that the induced spin polarization is negligibly weak at the interface.

Ultrathin Fe3O4 films are usually fabricated by post oxidation of Fe films [142, 143,
144]. However, the Fe3O4 films fabricated through post oxidation of Fe films suffer
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from certain disadvantages. One of them is the coexistence of other Fe oxide phases
such as FeO and Fe2O3 as discussed in [142]. The magnetic properties of the Fe3O4

film will change due to the coexistence of ferromagnetic Fe2O3 or antiferromagnetic
FeO. Under these circumstances, growth of iron oxide films by reactive Fe evaporation
where the metal is evaporated in an oxygen atmosphere and annealed in-situ is pre-
ferred. In this context, the characterisation of the as grown film, the interface as well
as the investigation of the magnetic properties are essential to achieve control over
desired properties.

The magnetic properties of the ultrathin films are sensitive to the growth conditions.
The magnetic easy axis in Fe3O4 single crystal is reported to be along the [111] direction
[145]. However, Lu and co-workers found that the Fe3O4 films on GaAs(100) show an
in-plane uniaxial anisotropy and the magnetic easy axis rotates from the [11̄0] direction
to the [001] direction with increasing film thickness [144]. Also, the Fe3O4 films grown
on SrTiO3(001) were found to have a weak four fold anisotropy with the easy axis
parallel to the [100] and the [010] directions [146]. Magnetic measurements on the
Fe3O4 films on GaAs(100) have indicated that the in-plane four fold anisotropy coexists
with a uniaxial anisotropy [143].

Apart from the studies on BaTiO3-Fe oxide nanoparticles, the surface electronic
structure, interface as well as the magnetic properties of the Fe3O4 ultrathin films
(<4 nm thickness) on BaTiO3(001) substrates have not been well studied so far, al-
though the magnetic properties of thick Fe3O4 films (80 nm) prepared by pulsed laser
deposition have been investigated [147]. The role of interface oxygen has been empha-
sized in the study by Berdunov and co-workers [148] where they observed a magnetic
contrast corresponding to the variations in the local surface states induced by oxygen
vacancies and concluded that the spin-transport properties are altered due to the pres-
ence of surface defects. Especially, the predictions of a magnetoelectric effect [14] and a
spin reorientation at the phase transitions of BaTiO3 in Fe3O4/BaTiO3 heterostructures
discussed in terms of strain variations [149], point to the need of further detailed inves-
tigations. The understanding of the electronic as well as magnetic properties also helps
in the studies of other isostructural substituted ferrites such as CoFe2O4, MnFe2O4 and
ZnFe2O4.

7.2 Fe3O4 thin films on BaTiO3(001) studied with XAS

The Fe-oxide layers have been deposited on a clean BaTiO3 substrate by reactive Fe
deposition in an oxygen atmosphere. The formation of an Fe-oxide film on BaTiO3 and
the interface effects have been studied using XAS. The measurements have been taken
with the sample at room temperature.

Figure 7.1 depicts the XA spectra at the Fe L2,3 and O K edges of an Fe-oxide thin
film measured using linear polarization of light. All spectra are normalized to an edge
jump of unity. For the Fe L2,3 spectrum, a singlet absorption peak at 708 eV and a
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Figure 7.1: X-ray absorption spectra at the (a) Fe L2,3 and (b) O K edges from an Fe3O4 film measured
using linear polarization of light. For comparison, the O K edge spectrum from a BaTiO3
single crystal is shown along with which is offset in the Y-axis for clarity. All spectra are
normalized to an edge jump of 1. The characteristic shoulder features of Fe3O4 at the
Fe L2,3 edges are marked with arrows.

doublet with peaks at 720 and 721.4 eV constitute the L3 and L2 edges respectively. The
characteristic shoulder like features of Fe3O4 are also observed at 704.6 and 706.8 eV
and 718 eV. These features are marked in Fig. 7.1 (a) with arrows.

The XAS characterisation of the Fe L2,3 edges in Fe oxides has been reported [152,
153]. The absorption spectra of Fe3O4 is found to be different from other Fe oxides
such as Fe2O3. The absorption spectra of iron oxides- FeO, Fe2O3 and Fe3O4 are shown
in Fig. 7.2 along with the XA spectra of metallic Fe which is published in [150, 151].
From Fig. 7.2, it is clear that the L3 edge peak maxima of Fe2O3 and Fe3O4 are shifted
in comparison to Fe and FeO [150, 151]. The general line shape and features of the
spectra shown in Fig. 7.1 match well with those of Fe3O4 in Fig. 7.2 and to the Fe3O4

XAS published in [154, 145, 142] and differ considerably from other Fe oxides. Hence,
the thin film can be unambiguously identified as Fe3O4.

According to [155], the characteristic electronic transitions resulting in the features
at the Fe L2,3 edges are as follows. Due to the presence of mixed valences i.e., Fe2+

and Fe3+, the electronic configuration of the Fe3O4 ground state has 3dn, 3dn+1L−1
c and

3dn+2L−2
c contributions (n=5 for Fe3+ and 6 for Fe2+, and Lc is the ligand core hole). In

the final state, the electronic configuration is 2p3dn+1 and 2p3dn+2Lc. These final state
configurations are specific to the features since a broad band feature is obtained as a
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Figure 7.2: X-ray absorption spectra at the Fe L2,3 edges from Fe and Fe oxides reported in [150, 151].
These figures are presented with permission from authors.

result of the 2p3dn+2Lc configuration and the 2p3dn+1 configuration results in a multi-
plet structure [155]. In particular, the shoulders at the lower energies are attributed to
transitions at Fe 2+ ions [153].

The BaTiO3 single crystal O K edge spectrum is shown along with the Fe3O4 O K
edge spectrum in Fig. 7.1 (b) to enable an easy comparison. The BaTiO3 O K edge spec-
trum is offset in the intensity axis for clarity. The oxygen K edge absorption spectrum
shows characteristic features of Fe3O4 with peaks at 529.5, 536.5, 540.25 eV, a shoulder
at 530 eV and broad features at 546.5 and 560.5 eV. Well developed spectral features
obtained in the thin film O K edge agree with the reports for Fe3O4 [142]. The clear
presence of the shoulder at 530 eV can be utilized as a fingerprint in the confirmation
of the stoichiometry as Fe3O4 compared to other compositions.

The absorption spectra at the Ti L2,3 and Ba M4,5 edges measured from a 2.4 nm
Fe3O4 film are shown in Fig. 7.3 along with the corresponding spectra from a BaTiO3

single crystal. A small shift of 0.2 eV is observed at the Ti L3 edge between the spectra
measured from the Fe3O4 film and the BaTiO3 single crystal. However, all other fea-
tures and associated energies of the Ti L2,3 and Ba L4,5 edges absorption spectra agree
well with that of the single crystal indicating the absence of electronic changes at the
interface. Hence, the above mentioned experiments rule out the possibility of a reduc-
tion of BaTiO3, since it would change the oxidation state of Ti ion as +3 which will get
reflected in the absorption spectra.

Hence, the analysis of the XA spectra leads to the conclusion that since all the multi-
plet features in the absorption spectrum result from the characteristic electronic struc-
ture of Fe3O4, the thin film is indeed Fe3O4 and the interface electronic structure of
BaTiO3 remains unaltered.

7.3 Magnetic properties of Fe3O4 films

The magnetic properties of the as prepared films have been investigated by means of
room temperature XMCD and XMLD measurements.
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Figure 7.3: X-ray absorption spectra at the (a) Ti L2,3 and (b) Ba L4,5 edges measured from a 2.4 nm
Fe3O4 film using linear polarization of light. For comparison, the Ti L2,3 and Ba L4,5 edges
absorption spectra from a BaTiO3 single crystal are shown along with. All measurements
were performed with the sample at room temperature.

7.3.1 Effect of annealing and oxygen pressure

Annealing temperature and oxygen pressure play a significant role in the oxidation
process of thin films. The dependence of the magnetic properties of Fe3O4 ultrathin
films on the annealing and oxygen pressure have been studied by measuring the XAS
and XMCD spectra of films evaporated at 573 K and post annealed to 673 K and 873 K.
The oxygen pressure was kept constant at 1×10−6 mbar during evaporation and post
annealing.

The evolution of the oxidation for a 3 nm thick Fe3O4 film as a function of annealing
temperature is shown in Fig. 7.4. The XAS ((a) and (b)) and the XMCD ((c) and (d))
spectra measured from the film annealed to two different temperatures 673 and 873 K
show typical multiplet features expected for the Fe3O4. The different spectral features
are discussed before and the XA spectra after both post annealing treatments show
similar features.

The XMCD spectral features differ in their intensity ratios and peak heights for dif-
ferent oxidation stages as observed in Fig. 7.4. The L2 edge intensity which is very low
after the 673 K annealing, is found to increase upon annealing to 873 K. At the L3 edge,
clear differences are observed in the negative peaks. In the 673 K annealed film, the
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Figure 7.4: Effect of annealing on the magnetic properties of Fe3O4 films on BaTiO3 depicted with
XAS ((a) and (b)) and XMCD ((c) and (d)) spectra of films annealed to 673 K and 873 K
respectively. The oxygen pressure was 1×10−6 mbar.

low energy L3 edge negative feature is smaller compared to the higher energy L3 edge
negative feature, whereas after the 873 K annealing, this tendency reverses.

The XMCD at the Fe L2,3 edges of Fe oxides has also been widely reported [154, 145,
156, 157, 144, 155]. The different contributions in the XMCD spectra can be understood
in comparison to the reported theoretical and experimental spectra of Fe3O4 [154, 157],
even though the assignment of XMCD spectral features is not free from controversies.
According to the literature, the low energy negative peak at the L3 edge and the low
energy positive peak at the L2 edge result from the contribution of Fe2+ in octahedral
sites. The higher energy negative feature at the L3 edge and the higher energy positive
feature at the L2 edge are attributed to Fe3+ spin up ions. The contributions from the
Fe3+ spin down ions present in tetrahedral sites show up as a positive peak at the L3

edge and a negative peak at the L2 edge. The XMCD peaks are labelled in Fig. 7.4 (d)
according to this assignment.

By assuming the above mentioned site occupancies, it can be seen that the contri-
bution from Fe2+

Oh increases in comparison to Fe3+
Oh after higher temperature post an-

nealing. The presence of more Fe2+ points to an imperfect oxidation. This in turn
indicates the formation of a stoichiometrically comparable film to Fe3O4 after anneal-
ing to 873 K. From the evident differences of the site occupancies of our XMCD spectra,
it is understood that the 673 K annealing is not sufficient to oxidize the film completely
and further annealing to 873 K, helps in improving the stoichiometry. The changes in
stoichiometry may be achieved by the improvement of the long range structural order
in the film, since the structural order may have influences on the site occupancies of
the Fe2+ and Fe3+ ions and any deviation from the perfect structural order is expected
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Magnetic anisotropy

to cause changes in the magnetic properties. A cation redistribution due to increased
annealing temperature can be thought of as a reason for the better long range structural
order. Thermodynamics driven cation redistribution, for example, has been obtained
for CoFe2O4 by varying the cooling rate between 0.01 and 1000◦C/s [158]. Valuable
information regarding the stoichiometry of the film can also be obtained by calculating
XMCD spectra by assuming different site occupancies as shown in [157].

Reports suggesting a fluctuating mixed valence state question the validity of the
charge ordering as Fe2+ and Fe3+ [29, 30]. But, since the time of XMCD measurements
is less than the hopping of Fe ions in two different sites [16], the XMCD peak assign-
ment to Fe2+ and Fe3+ ions should be correct. However, considering state of the art
interpretation of the XMCD spectra, our spectra after 873 K annealing match very well
with those reported for Fe3O4 [48, 142, 155]. Even considering the small uncertainty
in the estimation of different contributions, the agreement for both XAS and XMCD
spectra is apparently so good over the entire energy range that the oxidation state after
873 K annealing can be obviously identified as Fe3O4.

7.3.2 Magnetic anisotropy
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Figure 7.5: Anisotropy in the Fe L2,3 XMCD for the Fe3O4 layers on BaTiO3(001). The measurement
directions specified in the figure legend are with respect to BaTiO3.

The magnetic properties of the thin films are anisotropic i.e., the magnetization along
a particular direction is preferred. To understand this effect in Fe3O4 films, the XMCD
spectra have been measured in different azimuthal directions. Figure 7.5 illustrates
the direction dependence of the XMCD in the Fe3O4 films grown on BaTiO3(001). It
shows the normalized Fe L2,3 edge XMCD of a 2.4 nm thick Fe3O4 film, measured in
two different azimuthal directions, the [100] and the [110], with respect to BaTiO3.

From Fig. 7.5, it can be seen that the intensity of all Fe L2,3 features along the [110]
direction of BaTiO3 is larger than along the [100] direction. The change in azimuthal
direction does not give rise to new features. From an almost doubling of intensity
along the [110] direction, it is evident that the preferred magnetization direction lies
parallel to the [110] direction of BaTiO3.
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It is expected that the growth of thin films can have a strong influence on the mag-
netic properties. The anisotropic XMLD of Fe3O4 on SrTiO3(001) was studied by Aren-
holz and co-workers and they reported a weak four fold anisotropy with an easy
axis parallel to the [100] and the [010] directions for the Fe3O4 thin films grown on
SrTiO3(001) [146]. The epitaxial relation for Fe3O4 on BaTiO3(001) for a pulsed laser
deposited thick film was found to be Fe3O4 [004] ‖ BaTiO3[002] [147]. Hence if we
assume an epitaxial relation of Fe3O4(001) ‖ BaTiO3(001), we observe a deviation in
the magnetic easy axis from that observed for Fe3O4 on SrTiO3. One possible reason
for this deviation could be the presence of a uniaxial anisotropy and the MOKE mea-
surements in different directions might be helpful in this regard to confirm this. The
presence of a uniaxial anisotropy is reported for the thin Fe3O4 layers on GaAs [143]. in
the present case, the changes in the magnetic anisotropy of the Fe3O4 thin films might
be induced by a strain from the BaTiO3 substrate and the resultant magnetoelastic in-
teractions.

Hence, the azimuthal angle dependent Fe L2,3 edges XMCD spectra reveal a mag-
netic anisotropy in the thin Fe3O4 films. This magnetic anisotropy might be caused by
a strain from the BaTiO3 substrate. The presence of a uniaxial anisotropy also cannot
be excluded.

7.3.3 Thickness dependence

In this section, the evolution of XMCD spectral features is studied as a function of
film thickness. The Fe L2,3 XMCD spectra of thin Fe3O4 films measured from a wedge
shaped sample in the [100] direction of BaTiO3 are presented in Fig. 7.6. For the whole
range of film thickness investigated, the magnetisation is found to lie in the film plane.
Perpendicular magnetisation is not observed for any thickness.

As evident from the normalized XMCD spectra shown in Fig. 7.6 (a), the XMCD
intensity increases as a function of thickness within the thickness range of 1.4 to 2.9 nm.
Moreover, this intensity enhancement is observed in the L2 as well as L3 edge features.
Our investigations started from a 1.4 nm thick Fe3O4 film and the sample is found
to be magnetic from thereon. Therefore, the presence of a nonmagnetic region below
1.4 nm (average thickness of 1.7 unit cells) and the formation of a thin nonmagnetic
FeO layer at the interface cannot be excluded by our measurements. However, the
small XMCD signal at 1.4 nm and its increase with thickness indicates the presence of
a non-magnetic layer below 1.4 nm.

A careful analysis of spectral features indicates some changes in the intensity ratio
of the XMCD peaks especially at the L3 edge. To see the trend more clearly, the lower
energy negative XMCD feature of all films are normalized to 1. These normalized
spectra are presented in Fig. 7.6 (b). After this normalization procedure, evident dif-
ferences are obtained in the peak intensities. Following the above mentioned XMCD
feature assignment, this variation is closely related to differences in Fe2+ and Fe3+ site
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Figure 7.6: Normalized Fe L2,3 XMCD spectra measured as a function of Fe3O4 film thickness. The
measurements were taken from a wedge shaped Fe3O4/BaTiO3(001) film in the [100]
direction of BaTiO3. Film thickness is indicated in the figure legend.

occupancies. Ideally, since all measurements were taken from the same wedge shaped
sample, equal site occupancies can be expected throughout the wedge at any thickness.
However, this is not the case. The thin layer (1.4 nm) shows an almost 1:1 ratio of the
L3 edge negative peaks which decreases as the thickness increases. The peak ratios of
the 2.4 and 2.6 nm films are found to be similar. The ratios of 2.9 and 3.9 nm films
are also similar and agree with the published Fe3O4 XMCD data, but, they are lower
than the other peak ratios. Hence, for the 1.4 nm film, assuming the site occupancies as
discussed earlier, indicates the presence of more Fe3+ ions. This difference could stem
from a higher oxidation of the film due to a longer time oxidation or a higher oxidation
temperature. The presence of another iron oxide such as Fe2O3 at the surface can lead
to an increase in Fe3+ ions. Hence, the annealing might have resulted in changes in the
surface of the thin film which gets reflected in the XMCD spectra.

The increase in XMCD intensity even at a thickness of 3.9 nm of Fe3O4 which was the
highest thickness investigated in the present study, hints that the film has not reached
complete magnetic saturation. The magnetic field generated by the pulse coils is only
0.05 mT, which might not be sufficient to magnetically saturate these films because
oxides usually require higher fields to reach saturation [159]. Any measurement to
record a hysteresis loop like MOKE and SQUID would be helpful to know if this is the
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case.
Information regarding the spin and the orbital magnetic moments of Fe3O4 can be

extracted by applying XMCD sum rules. However, contradicting results are obtained
for magnetic moments of Fe3O4 calculated using the sum rules in literature [145, 156].
Hence the validity of sum rules in a mixed valence system such as Fe3O4 remains an
open question to date.

Although the extraction of magnetic moments doesn‘t seem to be straightforward,
the magnetic moments from the XMCD spectra from Fig. 7.5 are calculated accord-
ing to the conventional sum rules in the [110] direction from the thick film (since the
thin film might also have other oxides and the spectra are noisy) and the results are
tabulated in Tab. 7.1.

Table 7.1: The magnetic moments (in Bohr magnetons) per Fe atom calculated from the L2,3 XAS
and XMCD spectra of Fe3O4 layers on BaTiO3 in the [110] direction of BaTiO3. Film
thickness is given in nm.

Thickness mS ml ml/mS

(nm)

2.4 0.47 0.048 0.10
2.9 0.46 0.11 0.24

Compared to the earlier reports of magnetic moments of 100 nm thick Fe3O4 on MgO
and Al2O3 [160], the mS and ml/mS values per Fe atom shown in Tab. 7.1 are smaller. A
possible reason could be the deviation of the measurement direction from the magnetic
easy axis. Moreover, the measurement thickness can still be in the intermediate satura-
tion regime and might not have reached saturation magnetization thickness. This can
contribute to the observed reduction in magnetic moments.

7.3.4 XMLD

The combination of XMCD and XMLD spectra serve as a good method to distinguish
the stoichiometry of Fe oxides due to the different angular and magnetisation depen-
dency of XMLD expected in different oxide systems [146]. The XMLD measurements
have been taken for Fe3O4 film by magnetically saturating the film along the easy axis
and by rotating the E-vector relative to the film (and the film relative to the E-vector).

The results of XMLD measurements performed on a 2.6 nm thick Fe3O4 film are pre-
sented in Fig. 7.7. The absorption spectra measured in the [100] direction of BaTiO3 are
shown in the top panel and the resultant XMLD spectrum in the bottom panel. The
absorption spectra itself clearly demonstrate differences between the features while
measuring with linear vertical and horizontal light, especially in the lower energy
shoulders at the L3 edge. Linear vertical and horizontal light correspond to two per-
pendicular directions within the surface plane. A comparison of XMLD and XMCD
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Figure 7.7: The Fe L2,3 XAS and XMLD spectra of a 2.6 nm Fe3O4 film on BaTiO3 measured with
constant magnetization and two different polarizations of light.

intensities in the same film shows that the XMLD intensity is of similar magnitude in
comparison to XMCD.

The magnetic XMLD effect in Fe3O4 arises from the preferential alignment of the
ferrimagnetically coupled spins perpendicular to the film surface. However, with the
present measurement type, it is impossible to exactly comment whether the signal is
magnetic or due to X-ray natural linear dichroism (XNLD), an effect which stems from
the dependence of the X-ray absorption intensity on E-vector orientation which is en-
tirely determined by the spatial distribution of the empty valence states [16]. In order
to confirm that the signal is magnetic, measurements using a fixed polarization along
the hard or easy axis and the rotation of the magnetic axis, will be helpful. However, if
we assume a cubic symmetry for the film, the signal can be attributed to purely mag-
netic origin [16]. Since Fe3O4 is known to possess a cubic crystallographic symmetry,
the XMLD signal shown in Fig. 7.7 can be attributed to purely magnetic origin and not
to XNLD.

The XMLD spectrum shows characteristic features as those observed for Fe3O4 film
on SrTiO3(001) [146]. It consists of multiplet features at the L2 and L3 edges which
changes according to the anisotropy of the sample. Similarity in XMLD features with
[146] helps to identify the film as Fe3O4.
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7.4 Conclusions

The formation of Fe3O4 thin films on BaTiO3(001) single crystal surfaces grown by re-
active metal oxidation is demonstrated with the help of X-ray absorption spectroscopy.
The Fe L2,3 and O K edges XAS measurements reveal similar spectral features in the
film as that of single crystal Fe3O4. The interface effects monitored by Ti L2,3 and
Ba M4,5 edges XAS also do not show pronounced differences in peaks indicating only
negligible changes at the interface.

The magnetic properties of the as prepared thin films have been investigated using
XMCD and XMLD. The XMCD spectra have been recorded after preparation at 573 K
and the XMCD L3 edge peak ratios of the Fe3O4 film annealed to 673 K are found to
be reversed after annealing to 873 K. The peak ratios of 873 K post annealed Fe L2,3

XMCD spectra resemble those of reported Fe3O4 layers. This is attributed to the re-
distribution of cation site occupancies and resultant structural order due to annealing.
The presence of theoretical and experimental spectra of Fe3O4 on different substrates
is used to understand the different site occupancies in the XMCD spectra.

The magnetic anisotropy measurements have been performed by changing the az-
imuthal angle which shows higher intensities of the XMCD features along the [110]
direction of BaTiO3 compared to the [100] direction. This is contrary to the thick Fe3O4

layers on SrTiO3(001), where a four fold anisotropy with an easy axis parallel to the
[100] and the [010] directions is obtained. This difference may be contributed by the
growth mode, a uniaxial anisotropy for the thin films or strain induced magnetoelastic
interactions. The evolution of magnetism with thickness is demonstrated by the in-
crease in the XMCD intensity within the range 1.4- 2.6 nm. The analysis of the thickness
dependent XMCD signal indicates the possible presence of another iron oxide layer
such as Fe2O3 at the surface formed due to a higher oxygen pressure. The magnetic
moments were calculated for the measurements in the [110] direction of BaTiO3. The
spin moment is 0.47µB/Fe atom, which is less than the published value of 0.8µB/Fe
atom for thick films. This reduction is ascribed to the measurements away from the
magnetization saturation as well as measurements being away from the magnetic easy
axis. The XMLD spectra complement the results from XMCD measurements which
helps in the confirmation of the layer stoichiometry as Fe3O4.

116



8 Summary and future perspectives

The magnetic properties, the growth and the interface effects of Fe and Fe3O4 ultrathin
films on BaTiO3(001) substrates are investigated within the framework of this thesis.

The first part of the thesis focuses on the investigations of growth, changes to
the interface and the magnetic properties of ultrathin Fe films on well characterized
BaTiO3(001) single crystal surfaces. Fe ultrathin films have been grown on a well
ordered, slightly oxygen deficient surface of BaTiO3(001) obtained after the surface
preparations. A sharp interface between BaTiO3 and Fe is observed owing to the pres-
ence of oxygen vacancies at the BaTiO3 surface. The thickness and the angle dependent
investigations of the magnetic properties unravel three distinct regions of ferromag-
netic evolution, namely a non-ferromagnetic region, an intermediate ferromagnetic re-
gion and a fully saturated ferromagnetic region. The non-ferromagnetic region (upto
6 MLE) is correlated to the possible growth mode of Fe as islands which agrees well
with the absence of LEED spots and long range order in that region. An in-plane spin
reorientation transition from the [110] to the [100] direction of Fe is observed at a film
thickness of 6.7 MLE. This SRT is described by a simple approach which takes the in-
terface interaction of Fe-Ti and the spin-orbit coupling into consideration. The effect
of the substrate on the magnetic properties of Fe ultrathin films is hence established
though these results. The spin as well as the orbital moments estimated for different
directions show an enhancement of the orbital moment especially in the thin layers
which is attributed to the reduction in symmetry at surfaces. These results also prove
that the XMCD spectroscopy can be successfully employed to identify the magnetic
contributions such as the anisotropy and the magnetic moments.

In the second part of the thesis, the investigations of the magnetic properties and the
film morphology as a function of annealing temperature are carried out. Annealing of
the as grown Fe films result in the formation of ordered, directional nanoislands having
a diameter 150 nm through self assembly. The reduction of the BaTiO3 surface helps
to understand the absence of the interface oxidation after annealing. The magnetic
properties reveal changes in the coercivity which rises from 6.4 Oe to 115 Oe upon
annealing to 973 K, the magnetization which decreases to 50% of the value after 973 K
annealing and the magnetic moment which reduces to 40% upon annealing to 773 K.
These changes are discussed based on the assumption of the presence of fine structures
such as vortices. In addition to the changes in magnitude, the shape of the MOKE
loop became rounded which is correlated to the distribution in the particle size. The
importance of initial film thickness and annealing temperature on the faceting of metal
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films on oxide substrates is demonstrated. It is revealed that control over the desired
morphology and properties can be achieved in the self assembly process by controlling
the annealing temperature, the duration of annealing and the initial film thickness.

The third part describes the magnetic properties of Fe ultrathin films on BaTiO3(100)
layers which possess a bulk-like electronic structure. Fe films have been grown on
BaTiO3(100) layers on Pt(100) by e-beam evaporation. Similar to the single crystal
BaTiO3(001) substrates, the interface between Fe and BaTiO3 layers is found to be
an abrupt one, possibly owing to the slight reduction of the BaTiO3 surface layers.
The thickness and the azimuthal angle dependent investigations of magnetic proper-
ties of these Fe films demonstrate an in-plane magnetic anisotropy with a ferromag-
netic onset from 5.5 MLE onwards. Ferromagnetism evolves through three regions,
a non-ferromagnetic region below 5.5 MLE, an intermediate ferromagnetic region till
8.5 MLE and a saturation ferromagnetic region thereafter. Similar to the Fe layers on
BaTiO3(001) single crystal substrates, an in-plane SRT from [110] to [100] direction of Fe
is observed with increasing Fe layer thickness. Magnetic moments calculated accord-
ing to the sum rules reveal an enhancement in the orbital moment compared to bulk Fe
which helps in ascribing the SRT to a spin-orbit coupling driven magnetic anisotropy
change at the interface due to Fe-Ti interactions. To conclude, the magnetic properties
of Fe on BaTiO3 layers are found to be in agreement with those from the Fe on BaTiO3

single crystals.
In the fourth and final part, the growth of Fe3O4 thin films on the BaTiO3(001) sin-

gle crystal surfaces by reactive metal oxidation and the magnetic properties of the as
grown layers are elucidated. The dependence of perfect stoichiometry of the Fe3O4 on
the annealing temperature as well as the oxygen pressure is demonstrated and reveals
a redistribution of the cation site occupancies and resultant structural order due to an-
nealing. The azimuthal angle and the thickness dependent magnetic measurements
indicate the presence of a magnetic anisotropy in the thin layers with a preference to
the [110] direction of BaTiO3 compared to the [100] direction. Magnetism is seen to
evolve through a non-magnetic region followed by a ferrimagnetic region. The mag-
netic moments were calculated for the measurements in the [110] direction of BaTiO3.
A reduction in the spin moment compared to the published values of bulk Fe3O4 is
obtained and is ascribed to the measurements away from the magnetization saturation
thickness as well as measurements away from the magnetic easy axis.

On the whole, these results help to identify the strong influence of morphology,
growth and substrates on the magnetic properties by quantifying the orbital and the
spin magnetic moments. This thesis also succeeds in establishing the magnetic proper-
ties of the ferromagnetic and the ferrimagnetic ultrathin films on the ferroelectric sub-
strates. A thorough characterization of the BaTiO3 helps in understanding the interface
effects, for example, oxidation. The effect of the substrate and the dimensionality fac-
tors play a major role in the magnetic properties which is demonstrated by the in-plane
spin reorientation transition in the Fe ultrathin films and the magnetic anisotropy in
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the Fe3O4 thin films.
To conclude, the investigations discussed in this thesis have established the funda-

mental understanding of the interface and the magnetic properties of systems which
hold a strong promise for further applications. The knowledge of the interface and
magnetic properties can be successfully employed towards future investigations in-
volving these systems for applications. For instance, BaTiO3 layers can be effectively
used for polarization switching studies using small voltages as well as for multiferroic
applications.
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Appendix : Units

The use of SI units is generally preferred. However, in literature, the magnetic field has
been expressed in various units. The SI unit of magnetic-field strength or magnetic-flux
density (B) is Tesla, denoted as T. Sometimes, this unit is used to express the magnetic
field H. In CGS system of units, Oersted, denoted as Oe, is the unit of magnetic field
H. To enable an easy comparison of the results in this thesis with literature, Oersted as
well as Tesla are used to express the magnetic field.
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W. GUDAT: A novel undulator-based PGM beamline for circularly polarised syn-
chrotron radiation at BESSY II, Nucl. Instr. Meth. Phys. Res. Section A: Accelera-
tors, Spectrometers, Detectors and Associated Equipment, 390(3):395 – 402, 1997.
31, 32

122



Literature

[22] T. MATSUMOTO, H. TANAKA, T. KAWAI, and S. KAWAI: STM-imaging of a Sr-
TiO3(100) surface with atomic-scale resolution, Surf. Sci., 278(3):L153 – L158, 1992.
34

[23] H. TANAKA, T. MATSUMOTO, T. KAWAI, and S. KAWAI: Interaction of oxygen
vacancies with O2 on a reduced SrTiO3(100)

√
5×
√

5-R26.6◦ surface observed by STM,
Surf. Sci., 318(1-2):29 – 38, 1994. 34
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