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Summary

The strain relaxation and magneto transport properties of epitaxial
magnetite (Fe;0,) thin films were studied. Epitaxial Fe;Oy4 films were grown
on MgO and MgAl,O4 substrates using an Oxygen plasma assisted Molecular
beam epitaxy (MBE) system. Characterisation of the films were done using
techniques such as Reflection high energy electron diffraction (RHEED), High
resolution X-ray diffractometer (HRXRD), Vibrating sample magnetometer
(VSM), Low temperature resistivity measurements, and Raman Spectroscopy.
Our studies on strain relaxation behaviour of epitaxial Fe;O4 thin films grown
on MgO (100) substrates reveal that the films do not exhibit strain relaxation
up to 700 nm thickness, which is much larger than the strain relaxation critical
thickness, t., (70nm) predicted by the most accepted model based on mismatch
strain. In contrast, the model predictions of strain relaxation behaviour are
consistent with our results for Fe;O4 films grown on MgAl,O4 (100). The
observed anomalous strain relaxation behaviour is attributed to the presence of
antiphase boundaries (APBs) which lead to the formation of areas within the
film that have opposite sign of stress. The stress compensation by the APBs
reduces the effective stress experienced by the films. Even though APBs are
not expected in Fe;Oy films grown on MgAl,Os, TEM studies revealed the
presence of APBs. We suggest that these APBs are formed not because of
symmetry difference but because of the staking faults generated by strain
relaxation due to the large mismatch between the thin film and substrate.

The magnetoresistance (MR) behaviour of epitaxial Fe;Oy4 film grown
on low-vicinal (low miscut) and high-vicinal (high miscut) MgO substrates is
compared. The MR is significantly higher (12.2% at 2 Tesla) for a 45 nm
Fe;Oy film on a high vicinal substrate than that observed (7.2% at 2 Tesla) for
the film on low-vicinal substrate. A strong anisotropy in the MR is observed in
correlation with the direction of the atomic step edges. The observed
modification in the magneto-transport behaviour of epitaxial Fe;O4 films is
attributed to an enhanced spin scattering arising due to the presence of atomic
height steps that lead to the formation of a greater density of
antiferromagnetically coupled APBs. The effect of pre deposition annealing

duration of vicinal substrates on MR properties of the Fe;O4 films was studied.
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Our results suggest that substrate annealing modifies the surface properties
which in turn affects the density of APB.

A detailed study of the crystallographic direction dependence of MR in

Fe;0y4 (110) films of different thickness grown on MgO (110) substrates were

performed. Structural characterisation revealed that the films were epitaxial

and partially strain relaxed. MR studies as a function of temperature and

thickness on these films reveal that the field dependency of MR shows

drastically different features when measured along the < 110> and < 001>
directions. MR measurement along the < 001 >direction showed 9.5% MR at

T, (116K) with 1 Tesla field and showed 4% MR when measured along

<110 > direction for a 200nm film. The MR observed at T, along the < 001 >
direction is very high compared to MR values reported for Fe;O4 films at 1
Tesla field with the exception of films deposited on vicinal MgO substrates. To
explain the large MR anisotropy, we proposed three different mechanisms. The
first one is related to the crystallographic directional dependents on the
formation of strong antiferromagnetically coupled APBs due to the difference
in the symmetry between the filin and substrate. The second one is related to
the formation of APBs induced by the misfit dislocations (MDs). Our analysis

showed a greater probability for the formation of APBs along <001> direction

compared to the < 110 > direction. The spin polarised electron transport across

these highly dense antiferromagnetically coupled APBs formed along <001>

direction compared to< 110> direction could be one of the reasons for the
observed MR anisotropy. Another mechanism proposed for the observed MR
anisotropy is related to the strain induced modification of the band structure of
Fe;0,4 films. Band structure calculations reported for strained and unstrained
magnetite thin films shows that, the half-metallic behaviour of the cubic
magnetite eventually turns into normal metal behaviour in the high-strain
states. A difference in spin polarisation due to anisotropic strain along with a
high density of antiferromagnetically coupled APB formed due to strain

relaxation induced misfit dislocations could be another reason for the

enhancement of MR observed in the <001> direction compared to the< 110 >
direction. In conclusion our studies reveal that the strain relaxation and
magnetotransport properties of Fe3O4 thin films are strongly related to the

formation of antiphase boundaries within the film.
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Nature is showing us only the tail of the lion, but I have no doubt
that the lion belongs to it even though, because of its large size, it
cannot totally reveal itself all at once. We can see it only the way a
louse that is sitting on it would

Einstein 1914



Chapter 1

Introduction

Feynman in his 1960 article, titled ‘There’s plenty of room at the
bottom’ [1], pointed out that if a bit of information requires only 100 atoms,
then all the books ever written could be stored in a cube with sides (.02 inches
long. Even though in recent years researchers have been able to write bits of
information in two dimensions using even fewer than 100 atoms by using
scanning tunnelling microscope [2], only less than 1% of the total information
ever recorded in the world is stored in electronic format. About 4% of the
information is stored on photographic microfiche and the remaining 95% is on
paper [3]. The huge demand for high density information storage, high speed
information retrieval and processing technologies by rapidly developing fields
such as bioinformatics, genetic engineering, telecommunication industries,
internet and software companies, digital movie industries, scientific research
etc are bringing multi billion dollar revenue to information storage and
processing industries. No wonder, the storage and high speed processing of
information on an ever finer scale have become the most important aspect of
the rapidly growing field of nano-materials in which researchers are trying to
control the fine-scale structure of materials [3].

The incredible developments currently being made in the fields of
electronics and information technologies have been made possible by
exploiting the properties of electron charge and spin. Conventional electronic
circuits used for data processing use the charge of electrons in semiconductors,
while data storage media such as hard disks use the spin of electrons in a

magnetic material. The idea of injecting, transporting and controlling the
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electronic spin to implement novel functions, led to the development of a new
field called spin-electronics or spintronics.

Magnetic oxides are one of the most promising categories of materials
for spin-electronics applications and have attracted considerable interest in the
recent past [4, 5, 6]. These materials exhibit a rich complexity in magnetic and
electronic properties due to strong cation-anion bonding, which is not found in
metals. In addition, oxide surfaces are more complex than those of metals and
semiconductors. There are added complexities due to the fact that some oxide
surfaces are polar meaning that they are likely to reconstruct to reduce their
surface Coulomb energy [7]. Representative examples of investigations of two
such magnetic oxide surfaces are magnetite (Fe3O4) (100) and Fe;O4 (111) [8,
9].

The spin electronic devices such as spin valves and magnetic tunnel
junctions (MTJ) are realized by separating two ferromagnetic (FM) electrodes
by a normal metal or an insulating barrier respectively [10, 11]. Half metallic
ferromagnetic (HMFM) materials possess 100% spin polarization and are
expected to play an important role in spin-electronic devices. Some examples
of half metallic ferromagnetic materials are rare earth doped manganites,
double perovskites, CrO,, Fe;Os, several Heusler alloys etc [12, 13, 14]. Out of
the small number of known half metallic materials with high Curie
temperatures (>300 K) more than half are oxides. Magnetite, Fe;O4 is a
common and stable half metallic oxide. Due to its relatively high Curie
Temperature (Tc = 858 K) and its electronic properties, Fe;Oy, represents one
of the promising materials for spin electronic devises [15]. Most of these
applications will employ this material in the form of thin films. Thin films are
widely used in many applications, including microelectronics, optics, corrosion
resistant coatings, micro-mechanics etc [16]. To realize these applications, one
requires good control over the stoichiometry and precise knowledge of the
strain status of the films. The stoichiometry, strain, defect structure etc are
expected to play a crucial role in determining the magneto-transport and
magnetic properties of Fe;Oy films.

There are several reports on the pseudomorphic growth of magnetite
films on a variety of substrates [17-23]. MgO is an ideal substrate for epitaxy
of magnetite due to the small lattice mismatch (-0.344%). The epitaxial growth

of Fe;04 on MgO substrate suffers from the formation of antiphase boundaries
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(APB) which are formed as a natural growth defect due to difference in the
translational and rotational symmetry between Fe;O4 on MgO [19,24,25].
Fe;04 (100) films on MgO (100) substrates remain coherent up to a thickness
much greater than the critical thickness, t., for strain relaxation estimated from
mismatch strain. On the other hand Fe3;Oy4 films, grown on MgAl,O4 (100)
substrates (which have the same crystal structure of Fe;O4 and a higher lattice
mismatch, 3.9%) show behaviour consistent with the widely accepted model
predictions. Films grown on MgO (110) show a partial strain relaxation much
below the critical thickness. In the case of Fe3O4 films grown on MgAl,O4
substrates, formation of APBs are not expected. However, the presence of
APBs in Fe;04/MgAlO4 systems have been reported [26]. In this work we
point out that, the presence of APBs plays a key role in the strain relaxation
behaviour of hetero-epitaxial magnetite thin films and is an important issue in
tailoring nano-structured devices based on magnetite. Thus a systematic study
of the strain relaxation behaviour of epitaxial Fe;O, thin films grown on (100)
oriented MgO, MgAl,O4 and (110) oriented MgO substrates are presented in
this thesis. Other main issues addressed in this thesis are given below.

As mentioned in the previous paragraph, spin valves consist of a
multilayer of magnetic materials, separated by a thin non magnetic material.
The current in the magnetic materials is spin polarised. The resistance through
the structure is high when the magnetic coupling between the magnetic
materials is anti-ferromagnetic. On application of an external magnetic field
the two magnetic layers align ferromagnetically and consequently the
resistance decreases. An understanding of the mechanisms which govern the
magnetoresistance (MR) in these systems is complicated since they depend on
many factors such as magnetic impurities, structural disorder, band structure,
interfacial roughness etc [27,28]. Application of Fe;O4 in spin valves, as a
ferromagnetic magnetic electrode, has not been very successful until now, as
the observed magneto resistance effect was very low [29]. Presence of APBs
have a strong influence on the spin polarised conduction electrons of Fe;O4
because of the anti-ferromagnetic coupling present across a significant fraction
of these boundaries. But, APBs open up a new type of spin valve application
[17]. The APBs themselves can act like a spin valve, giving rise to MR within
a single layer. The advantages of this type of spin valves is that it does not

require a multilayer structure, thus reducing the number of interfaces and the
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domains on both sides of the boundary have the same band structure. The
magnetic properties of adjacent domains are strongly coupled. The MR
behaviour of Fe;O4 thin films has been widely studied in films on different
substrates like MgO and MgAl,O4 [17, 30-32]. However, due to the random
network of APBs formed in the epitaxial Fe;Oy films, the magnitude of MR
observed in epitaxial films has not exceeded 8% for a magnetic field strength
of 2 Tesla. In order to exploit the presence of APBs to control the MR
properties of Fe3O4 thin films, we used vicinal MgO substrates. These
substrates when treated under appropriate annealing conditions form an array
of atomic terraces of atomic step height, whose width can be controlled by
selecting the correct miscut angle. Fe;Oy4 films grown on vicinal substrates are
expected to have greater density of APB formed due to atomic step and are
highly oriented. We exploited this to control the density and orientation of
APBs which essentially gives higher MR. In addition to increased MR, a strong
anisotropy in correlation with atomic step direction is also observed.

Previous reports of magnetoresistance (MR) behaviour of Fe;O4 (110)
epitaxial films grown on MgO (110) substrate, show a small (0.65%) MR at
120°C (Verwey temperature, Tv) with an applied field of 0.1Tesla [33]. Here,
we present a detailed study of the crystallographic direction dependence of MR
in partially strain relaxed Fe;O4 (110) films of different thickness grown on
MgO (110) substrates. MR studies as a function of temperature and thickness

on these films reveal that the field dependency of MR shows drastically

different features when measured along the < 110 >and < 001> directions. MR

along the <001> direction is found to be higher compared to MR measured

along the < 110> direction and to MR values reported for Fe;O4 films at 1
Tesla field except for films deposited on vicinal MgO substrates. The observed
anisotropy in MR behaviour of Fe;O4 films is related to the strain status, APB
formation and magnetocrystalline anisotropy of Fe;Oy4 films.

In conclusion, it is very clear that, for future technological applications
of Fe3;Oy4 thin films, a complete knowledge of the structural, electronic and
magnetic properties of Fe;O, hetero-epitaxial systems are needed. The work
presented here addresses the study of strain relaxation behaviour and magneto
transport behaviour of Fe;04/MgO (100) Fe;O4/MgAl,O4 (100) and
Fe;04/MgO (110) hetero-epitaxial systems grown using molecular beam

epitaxy (MBE). A detailed study of magneto transport behaviour of Fe;O; thin
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films on vicinal MgO (100) substrates is also presented. We have written the
thesis in such a way that each chapter can be read independently although cross
referencing is used to minimise repetition. An outline of the details presented

in the thesis is given below.

Chapter 2: In this chapter we discuss the fundamental physical properties of
magnetite bulk and thin films. In section §2.2, the details of crystal structure,
magnetic properties, electrical conductivity etc of bulk magnetite is provided
and in section §2.3 the details of magnetite thin films are given. In sub-section
§2.3.1 we discuss the details of the substrates (MgO and MgAl,0O3) used for the
growth of magnetite thin films in the present work and in sub-section §2.3.2 we
give a detailed description of the formation of antiphase boundaries (APBs) in
magnetite thin films grown on MgO (100) substrates. The magnetic properties
and electrical conductivity of magnetite thin films are given in sub-sections
§2.3.3 and §2.3.4. The mechanism of magnetoresistance is described in sub-

section §2.3.5

Chapter 3: In this chapter we discuss the thin film growth technique and
various characterization techniques used in the present work. In section §3.2
details of the molecular beam epitaxy (MBE) system is given. In sub-section
§3.2.2 the details of in situ Reflection high energy electron diffraction
(RHEED) technique is discussed. In section §3.3 details of ex situ
characterisation techniques such as High resolution X-ray diffraction
(HRXRD) (§3.3.1), Transmission electron microscopy (TEM) (§3.3.2), Raman
spectroscopy (§3.3.3), Vibrating sample magnetometer (VSM) and Alternating
gradient field magnetometer (AGFM) (§3.3.4) and details of electrical

resistivity measurements (§3.3.5), are furnished.

Chapter 4: In this chapter we discuss the Strain relaxation behaviour of (100)
oriented Fe3;Oy thin films grown on MgO and MgAlL,Oy4 substrates. The Fe;Oq4
films grown on MgO show no strain relaxation even up to a thickness ten times
higher than the critical thickness predicted for the relaxation. But films grown
on MgAl,O4 show strain relaxation in line with the theoretical predications.
The anomalous strain relaxation observed in Fes;Oy4 films on MgO substrates is

attributed to the presence of APBs. A model is proposed for the formation of
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APBs due to misfit dislocations generated by strain relaxation in the case of

Fe;04 films grown on MgAl;04 substrates.

Chapter 5: This chapter deals with the magnetoresistance enhancement in
epitaxial magnetite films grown on vicinal MgO (100) substrates. MR
properties of Fe;O4 films grown on vicinal and non vicinal MgO substrates are
compared. A strong anisotropy in the MR in close correlation with the
direction of current and step-edges was observed. MR properties of epitaxial
Fe;04 films on vicinal MgO substrate show a direct dependence on the
substrate annealing duration. The observed difference in MR along two
equivalent crystallographic directions on the surface is explained on the basis
of spin dependent electron scattering along the APBs and difference in the
reduction of magnetisation values along and across the APBs resulting from

the difference in magnetoelastic properties.

Chapter 6: In this chapter we discuss the strain relaxation behaviour and
magnetotransport properties of (110) oriented Fe;Oy4 thin films grown on MgO
(110) substrates. Structural characterization shows that the films are strain

relaxed and Magnetoresistance and magnetization measurements show

different behaviour in the <001> and < 110> directions. The possibility of the
formation of APBs in Fe;04 on a MgO (110) substrate due to the difference in
symmetry (between film and substrate) and due to the misfit dislocations
arising because of strain relaxation are explored. The observation of high MR

and temperature dependence of the MR curves along the <001> direction

compared to the <110> is explained on the basis of strain status, APB

formation and magnetocrystalline anisotropy o of Fe;Oy films.

Chapter 7: The main results described in this thesis are summarised in this

chapter. A discussion on the extension of the work for the future is also given.



Bibliography

[1] R. P Feynman, Eng. Sci. 23 22,(1960); reprinted in 1992 J Micromech.
Systems 1 60.
[2] D. M Eigler and E. K Schweizer, Nature 344 524, (1990).
[3] K. G. Ashar, Magnetic Disk Drive Technology: Heads, Media, Channel,
Interfaces, and Integration, Wiley-IEEE Press (1996)
[4] L. Zutic, J. Fabian and S. Das Sarma, Rev. Mod. Phys. 76, 323 (2004).
[5] M. Ziese, Rep. Prog. Phys. 65, 143 (2002).
(6] J.M.D. Coey, M. Venkatesan, J. Appl. Phys. 91, 8345 (2002)
[7] C. Noguera, J. Phys. Condens. Matter 12, R367 (2000)
[8] R. Wiesendanger, I.V. Shvets, D. Burgler, G. Tarrach, H.J. Guntherodt,
J.M.D. Coey and S. Graser, Science 255, 583 (1992)
[9] I.V. Shvets, N. Berdunov, G. Mariotto and S. Murphy, Euro Phys. Lett. 63,
867 (2003)
[10] G.A. Prinz, J. Magn. Magn. Mat. 200, 57 (1999).
[11] R. Jansen, J.Phys. D Appl. Phys. 36, 289 (2003).
[12] J.M.D. Coey, M. Viret and S. von Molnar, Adv. Phys. 48, 167 (1999).
[13] W.E. Pickett and D.J. Singh, Phys. Rev. B 53, 1146 (1996).
[14] R.A. de Groot, F.M. Mueller, P.G. van Engen and K.H.J. Buschow, Phys.
Rev. Lett. 50, 2024 (1983).
[15]J. S. Moodera, J. Nassar and G. Mathon Annu. Rev. Mater. Sci., 29:381,
(1999).
[16] L.B Freund and S. Suresh, Thin Film Materials, Cambridge University
Press, (2003).
[17] W. Eerenstein, T.T.M. Palstra, S.S. Saxena and T. Hibma Phys. Rev. Lett.
88, 247204 (2002)
[18] T. Fuji, M. Takano, R. Katano,Y. Isozumi, and Y. Bondo, J. Magn. Magn.
Mater. 130, 267 (1994).
[19] D. T. Margulies, F. T. Parker, F. E. Spada, R. S. Goldman, J. Li, R.
Sinclair and A. E. Berkowitz, Phys. Rev. B 53, 9175 (1996).
[20] F .C. Voogt, T. Hibma, P. Smulders and L. Niesen, J. Cryst. Growth 174,
440 (1997).
[21] M. Ziese, Phys. Rev. B 62, 1044 (2000).



[22] S. Kale, S. M. Bhagat, S. E. Loafland, T. Scabarozi, S. B. Ogale,
A.Orozco, S. R. Shinde, T. Venkatesan, B. Hannoyer, B. Mercey and
W. Prellier, Phys. Rev. B. 64, 205413 (2001).

[23] M. Ziese, R. Hohne, C. Semmelhackh, H. Reckentin, N.H. Hong and
P. Esquinazi, Eur. Phys. J. B 28, 415 (2002).

[24] F .C. Voogt, T.T.M. Palstra, L. Niesen, O.C. Rogojanu, M.A. Janes and T.
Hibma, Phys. Rev. B. 57, 8107 (1998).

[25] W .Eerenstein, T.T.M Palstra, and T. Hibma, Phys. Rev. B.68, 014428
(2003).

[26] M. Ziese, R. Hohne, P. Esquinazi and P. Busch, Phys. Rev. B. 66, 134408
(2002).

[27]1E.Y. Tsymbal, O.N. Mryasov, and P.R. LeClair, J. Phys. Condens. Mat.
15, 109 (2003).

[28] A. Fert, A. Barthelemy, J. Ben Youssef, J.P. Contour, V. Cros, J.M. De
Teresa, A.Hamzic, J.M. George, G. Faini, J. Grollier, H. Jaffres, H. Le
Gall, F. Montaigne, F.Pailloux and F. Petroff, Mat. Sci. Eng. B-Solid 84, 1
(2001).

[29] P.J. van der Zaag, P.J.H. Bloemen, J.M. Gaines, R.M. Wolf, P.A.A. van
der Heijden, R.J.M. van de Veerdonk and W.J.M. de Jonge, J. Magn.
Magn. Mat. 211, 301 (2000).

[30] M. Ziese and H.J. Blyte, J. Phys. Cond. Matter 12, 13 (2000).

[31] X.W. Li, A. Gupta, Gang Xiao and G.Q. Gong, J. Appl. Phys. 83, 7049
(1998).

[32] S.B. Ogale, K. Ghosh, R.P. Sharma, R.L. Greene, R. Ramesh and T.
Venkatesan, Phys. Rev. B 57, 7823 (1998).

[33] H. Matsuda, H. Sakakima, H. Adachi, A. Odagawa and K. Setsune, J.
Mater. Res., 17,1985(2002).



The truth of a theory can never be proven, for one never knows if
future experience will contradict its conclusions

Einstein 1919



Chapter 2

Physical properties of magnetite

2.1 Introduction

‘Magnesia’ is the name of the southeastern area of Thessaly in central
Greece. It is believed that around 4000 years ago people in Magnesia were
bewitched by the discovery of a black mineral with peculiar attractive
properties. They called this mineral ‘magnet’, which means "magnesian stone"
in Greek. Later this mineral was identified as ‘magnetite’ with chemical
formula Fe;Os. Magnetite is magnetic at room temperature, in fact it is
ferrimagnetic (meaning that the crystallographic planes are anti-
ferromagnetically arranged, but there is a different amount of spins in each
plane, giving rise to a sizeable magnetic moment) with high Curie temperature
of 858 K [1]. Not only it is magnetic at room temperature, Fe3;O4 is also
conducting and exhibits the metal to insulator transition at about 120K, known
as Verwey transition, which is far from being fully understood [2,3]. Band
structure calculations predict the conduction electrons to be fully spin polarised
[4,5]. Because of these fundamental properties, much interest has been directed
towards Fe;Oy4 as a potential candidate for spin electronics devices such as spin
valves and spin tunnel junctions [6,7].

Besides the natural abundance of Fe;QOy, it has also been synthesized,
both as a single crystal and in thin film form. In addition to many experimental
studies determining the crystal structure, magnetic properties and electrical
conductivity, a lot of theoretical work has been performed in order to
understand the band structure [4,5,8,9] and electrical conductivity properties

[10-12]. As a potential candidate for magnetic planar devices and spin
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electronic device applications, Fe;Oy thin films prepared by a variety of
methods have been widely studied [13]. Thin films of Fe3;O4 have properties
that deviate from those of the bulk. The magnetisation does not saturate in high
fields [14] and ultra thin films below Snm become super-paramagnetic [15].
The resistivity is increased with respect to the bulk [16, 17] and epitaxial films
exhibit magneto resistance [18-20]. Despite years of thorough research, many
of the properties of Fe3Oy are still far from fully understood. The following

sections discuss the properties of bulk and thin films of magnetite in detail.

2.2 Properties of Bulk Fe;O,
2.2.1 Crystallographic structure

Since the early decades of the 20" century, with the X-Ray diffraction
(XRD) measurements performed by Bragg [21], Fe;Os4 is known to crystallize
in the inverse spinel structure with a lattice constant, a=0.83987 nm. This
consists of a cubic closed packing of oxygen anions arranged in a face-centred
lattice. Fe3Oy4 belongs to Fd3m symmetry group [22]. Two kinds of interstices
are available for the metal cations: tetrahedral, conventionally indicated as A-

type, and octahedral, conventionally indicated as B-type.

a) e—-0r-e— Fe2+/Fe3+ € —Fe3+ b) ¢—()2- «—Fe2+/Fe3+ «—Fe3+
B Site A Site B Site A Site

Figure 2.1. (a) 3D view of the unit cell of Fe;O, containing 32 oxygen anions (white)

16 octahedral iron ions (red) and 8 tetrahedral iron ions (blue) (b) (001) plane of

Fe;0,. The tetrahedral iron ions (blue) are half way between two planes of octahedral
iron ions (red) and oxygen ions.

The unit cell of Fe3O4 is composed of 32 O% that embrace 64

tetrahedral interstices, (A-type), and 32 octahedral interstices, (B-type). Normal
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spinels are formed when 1/8 of the A sites are occupied by 8 divalent ions and
1/2 of the B sites are occupied by 16 trivalent ions. Instead, in Fe;O4, 8 of the
16 Fe’* ions in the unit cell are placed in A sites, whereas the other 8, together
with the 8 Fe®, ions occupy the B sites in the inverse spinel structure, see
Figure 2.1(a). The unit cell consists of four (001) layers, each layer containing
the oxygen anions and the octahedral iron ions. The tetrahedral sites are located
halfway between these layers. The B site cations run in strings in the <110>
directions. In a (001) plane, alternating strings are occupied, see Figure 2.1(b).
The strings in the next layer are rotated by 90° with respect to the one below it
via a screw axis.

The very first studies on Fes;O; performed by Verwey [23,24],
suggested that the high conductivity at room temperature (about 200 Q'cm™ as
compared to low values for normal spinels of about 10> ('cm™) is the
consequence of a random distribution of the iron ions in the octahedral planes.
According to crystal field theory, it is possible to represent the state of the
octahedral (B) sites of Fe3;O4 as shown in Figure 2.2a [25]. The five d orbitals
split in to two levels consisting of two eg levels and three ty levels. The two
different iron ions are present in the octahedral sites, Fe’* (d°) and Fe®* (d°).
The Fe™ ions are in a high spin state, with the 5 electrons arranged in parallel,
in accordance with Hund’s rule. The antiferromagnetic (AFM) alignment of the
two consecutive crystallographic planes cause the magnetic moment associated
with these Fe’* ions in the B-site to be cancelled by the one of the Fe** ions in
the A-site. There are three electronic configurations possible for a Fe* ion, see
figure 2.2b. The configuration with 4 unpaired electrons is believed to be
correct because it is in agreement with the value of the magnetisation measured
experimentally of 4 pg per formula unit. The additional spin down electron of
the Fe?* ion in the octahedral site can easily hop to a neighbouring Fe* site
provided their spins are parallel. In the magnetically ordered state only the
spin-down electron can easily move, resulting in spin-polarised electron
transport. The electron transport is restricted to the B-sites. B-site spins are
oriented ferromagnetically because of their mutual anti-ferromagnetic coupling
to the A-site spins. The magnetic coupling will be further discussed in the next
subsection. Figure 2.2¢ shows the electron bands of Fe;O4 obtained from the
Local Spin Density Calculation (LSDA) by Zhang et al. [26] From their

analysis the exchange splitting between the spin-up and spin-down d electrons
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on the Fe atom is roughly 3.5 eV. In addition to the exchange splitting Ay, the
five fold d levels are split into t; and e, orbitals by the crystal field. The
crystal field splitting Acr , generated because of differences in covalent mixing
and electrostatic interaction with neighbouring atoms, is approximately 2eV for
the Fe(B) atom while it is less than a few tenths of an eV for the Fe(A) atom.
This difference is attributed to the large covalent mixing of the Fe (B) orbitals
with its six nearest neighbours of the same kind. The calculated net magnetic
moment is 4.0 pg /Fe3O4 formula unit. The high-spin state of the Fe atoms is
consistent with the argument that a high-spin state is indicated if the exchange
splitting Ay is greater than the crystal field splitting Acy. Also their calculation
suggests that the magnetic moments on the A and B sublattices are
antiferromagnetically aligned. The remarkable feature of the spin-polarised
bands is that the spin up bands (majority spins) are semiconducting while the
spin down bands (minority spins) are metallic. Only spin down electrons are
present at the Fermi energy and these electrons have predominantly Fe(B)
character.

Around a temperature of 120K, the electrical resistivity of
stoichiometric magnetite crystals suddenly increases by two orders of
magnitude which is called Verwey transition (Ty) [2]. At this transition the
structure distorts from its cubic symmetry [24] and a charge ordering occurs at
the B sites [27] thus reducing the conductivity. Other properties of the crystal
such as magnetisation, magnetostriction, thermal expansion and heat
capacitance, also exhibit a sudden variation at Ty [28]. The exact transition
temperature depends on the purity of the crystal [29, 30]. Nonstoichiometry
depresses the transition temperature which is a maximum for pure
stoichiometric Fe;O4. For extreme levels of cation deficiency a second order
transition is observed at 120K [30].

Despite the fact that the Verwey transition had been first detected 80
years ago, and extensively studied since the late 1940s, its mechanism is still
matter of discussion and controversy [3, 31, 32]. In recent years there were
numerous studies searching for the charge ordering taking place along the B
site. There are mainly four different mechanisms supported in the literature.
The first one proposes the charge ordering of Fe** and Fe’* on the same

octahedral planes and is supported by nuclear magnetic resonance (NMR)
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Figure 2.2. (a) Schematic representation of the splitting of the 5d electronic orbitals of
an isolated iron ion in an octahedral crystal field (b) The three different possible
electronic configurations of Fe** in an octahedral site.(c) Spin polarised electron bands
of Fe;0, by local spin density calculation.( Zhang et al. Ref 26)
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[33, 34], high energy transmission electron diffraction [35] and high
resolution neutron and synchrotron X-ray resonant scattering [36] experiments.
The second hypothesis suggests the ordering of electrons in the B sites in
terms of condensation of phonons, and is supported by X-ray resonant
scattering [37, 38] and more recent NMR [39] experiments. The third one is the
charge density transfer, or coordination-crossover (CC) transition from inverse
to normal spinel, characterized by a specific temperature, Tcc, and the forth
one is the [32] first-order structural phase transition, from a cubic to a
distorted-cubic phase [32] characterized by a specific transition temperature
designated Tgisr. The detailed XRD measurements carried out by Rozenberg et
al [32], at isobaric and isothermal conditions show that the metallic state of
magnetite is stable in the cubic structure, whereas the insulating phase is stable
in the distorted-cubic structure. Their conclusion is that the opening of a gap in
the electronic band structure within the distorted-cubic phase is associated with
the particular electronic band structure emanating from this crystallographic
structure. But there exists several questions to be answered: (i) Why is
magnetite a good conductor within the cubic-spinel structure? (ii) Within the
distorted-cubic phase, which bands are responsible for the gap opening? (iii)
Why is the distorted-cubic phase stable below the Tgis¢ ?
As all these hypothesis do not bring enough evidence to give a
conclusive description of the mechanism of the Verwey transition, more work

and experiments are needed.

2.2.2 Magnetic exchange interactions

In Fe;Oq, there are several magnetic exchange interactions that have to
be taken into account. The magnetic exchange interaction between two

neighbouring spins is described by the Heisenberg exchange Hamiltonian:

H,, =—ZJijSi-Sj 2.1)
L)

Where S; and S; are spin angular momentum of two electrons on
neighbouring atoms. Jj; is a constant called the exchange integral. If Jj is
positive, the energy is lowest when the two spins are parallel to each other and
is called ferromagnetic interaction. For J;; negative, moments of adjacent atoms

point in opposite directions which results in the lowest energy state and is
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called antiferromagnetic interaction. The sign and strength of the effective
exchange integral J; depends on the distance, angle, spin and electronic
configuration of the neighbouring moments and can result from cation-cation
interactions and cation-anion-cation interactions. The latter type of interaction
is referred to as super-exchange [40]. Out of several magnetic exchange

interactions present in Fe3QOy, three most important interactions are:

Cation-cation interactions: - The most important interaction is the double
exchange interaction between the iron ions in the octahedral site [41]. Since the
spin of the extra electron of Fe’* is oppositely directed to the electrons of Fe*”,
electron transfer is only possible when both ions are aligned ferromagnetically.
This then increases the bandwidth or delocalisation of the extra electron,

thereby decreasing its kinetic energy and favouring a ferromagnetic alignment.

Cation-Oxygen-cation interactions (superexchange):- The strength and sign
of this exchange interaction depends on the angle between the ions and on the
filling of the orbitals. Exchange between the two iron ions via the intervening
oxygen requires overlap of the orbitals. Overlap only occurs between orbitals
with similar symmetry. On the Oxygen ions three p-orbitals contribute, of
which two have a n-type symmetry and one has o-type symmetry [40,42]. Of
the five d-orbitals of iron, three posses a m-type symmetry (the three tae-
orbitals) and two a c-type symmetry (the two eg-orbitals). The eg-orbitals thus
overlap with the oxygen p-orbitals with o-type symmetry and the tye-orbitals
with the oxygen p-orbitals with n-type symmetry. Because the c-overlap is

generally larger than m-overlap [40], the c-exchange is stronger.

a) 125 degree iron-oxygen-iron exchange: This is acting between the Fe®*
ions on the octahedral and tetrahedral sites. This is a strong anti-ferromagnetic
coupling, largely due to overlap of the eq orbitals on the B site and tz, orbitals
on the A sites. This exchange is responsible for the high Curie temperature of

858 K.

b) 90 degree iron-oxygen-iron exchange: The angle between the octahedral
iron ions and the intervening oxygen is 90 degrees. This leads to a

ferromagnetic coupling between the iron ions, but this coupling is much
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weaker than the anti-ferromagnetic coupling between the A and B sublattices.
Since the orbital overlap between the iron t;; and oxygen p is weak, this
exchange is difficult to separate from the double exchange. The main
interactions are shown in Figure 2.3

Due to the strong antiferromagnetic coupling between Fe** ions on A
and B sites the net magnetic moment in FesOy is simply that of the Fe** ion in
B site, which is 4pp and shows a saturation magnetisation 480emu/cm’. The
magnetic behaviour of Fe;O4 at low temperature was extensively studied [28,
43]. As the temperature is lowered the magnetisation increases and undergoes
an abrupt decrease in the value near Verwey transition which is associated with

the charge ordering below Verwey transition.
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Figure 2.3. (a) Schematic drawing of a (001) plane in Fe;O,.The magnetic exchange
interaction are indicated in the figure. (I) 90° superexchange interaction at the
octahedral site (II) Superexchange interaction between iron ions on the octahedral and
tetrahedral lattice.(III) double exchange between iron ions on the octahedral lattice.
(b) 3D view of super exchange between iron ions on the octahedral lattice and

tetrahedral lattice.

2.2.3 Electrical conductivity

The electron transport is restricted to the B sites in Fe3Os. The

additional spin down electron in Fe** can easily hop to a neighbouring Fe** ion
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if their spins are parallel. The extra electron of the Fe?* ions is in the spin-down
tg band at the B sites which is separated from the occupied spin-up t,, band by
a gap of around 3.5eV [44]. Ihle and Lorenz have performed a quantitative
calculation of the conductivity in Fe;O4 [11]. They used perturbation theory

and the Hamiltonian is written as:

H=-E, Yn,+1/23U,nn+ Y0 bt b +Xt0,&F, ¢ 2.2)
i qv

i#] o J i#]

where Ey is the small polaron (SP) binding energy, U the effective SP-SP

interaction energies and n; the electron occupation number. @, is the phonon
energy and quis the phonon creation operator. The last term in the equation

(1.2) is the perturbation term where t;; are the nearest-neighbour (nn) transfer

integrals, @ the vibrational overlap integral and 'c"ij the small polaron creation

operator.

The conductivity is then calculated using the Kubo formula. The total
conductivity is the summation of the band and hopping conductivities. But
below room temperature the band conductivity is the main contribution to the

conductivity which is given by:
{{
a =t l—(%exp(—Ul /2k,T)exp(—4S k, T/ ®,) (2.3)

in the limit of small Uy/2KT and large w,/2kT. Where constant Cy,, contains
temperature independent terms, U; is the nn Coulomb repulsion, K is
Boltzmann constant, T temperature, ® is the phonon energy, and Sy contains
the electron-phonon coupling strength. This equation suggests that band
conduction first increases due to the thermal activation and then reaches its
maximum value after which it decreases due to the decrease of t. With
increasing temperature, the probability for multi-phonon processes increases
and the hopping conduction starts to dominate the conductivity process. The

hopping conductivity is given by:
C
G, =t2;;7exp(—U, /12K, T)exp(S,0,/2k,T) (2.4)

As both the band and the hopping conductivity are proportional to tz, the total

conductivity is also proportional to tie. o, o t?.
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2.3 Properties of epitaxial Fe;O,films
2.3.1 Substrate

Magnesium oxide, MgO possesses the rock-salt crystal structure as

shown in Figure 2.4 and belongs to the space groumegm. The lattice
constant is 0.4213nm. The lattice mismatch with Fe;O4 is only -0.3% which
makes MgO a suitable substrate for the growth of Fe;O4 films. The almost
perfect epitaxial relationship between Fe;O4 and MgO is due to the common
fcc oxygen sub-lattice. In this work we have used polished MgO (100),
MgO(110) and vicinal MgO (100) (miscut azimuth directed along <011>)
oriented substrates for the growth of Fe3;O4 (100) and Fe;O4 (110) epitaxial
films. ‘Vicinal substrates’ are substrates which are a few degrees off cut from

their crystal plane. Details of the growth process are discussed in chapter 4.

1 1 I
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Figure 2.4. 3D view of the unit cell of MgO containing oxygen anions and
magnesium ions.

The other substrate used in the present work is MgAl,O4 which has the
normal spinel structure and a lattice constant of 0.808nm. This results in a
larger mismatch of 4%. In the normal spinel structure the Mg**ions occupy the

tetrahedral sites and the AI’* ions occupy the octahedral sites.
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2.3.2 Formation of anti-phase domain boundaries

Physical properties of epitaxial Fe;O4 films deviate from those of the
bulk such as larger electrical resistivity [17], magneto resistance [20,45] and
magnetization which does not saturate in high magnetic fields [14]. These
differences are attributed to the presence of antiphase boundaries (APBs)
which are natural defects occurring during growth of Fe;O4/MgO thin films
[14, 44]. In the first stages of growth, islands of Fe;Oy4 are deposited on MgO.
However, because of the difference in unit cell parameter and crystal
symmetry, the different islands can be related by a shift vector, which is not a
lattice translation vector [14,15]. APBs are formed when islands of Fe;O4 on
the MgO surface coalesce and the neighbouring islands are shifted with respect
to each other [46].The oxygen sub-lattice is more or less undisturbed across the
APBs and only the cation lattice is shifted. The APB shifts in these films are a
consequence of two distinct forms of symmetry breaking between MgO and
Fe;04. The first is due to the lattice parameter of MgO (0.4213nm) being half

that of Fe304 (0.8397nm) and because of this, adjacent Fe;04 monolayers may

be shifted by 1/4<1 10> ; l/4<110> or 1/2<100> which are called in-plane shifts.

The structure at the boundary is determined by the type of shift and by the
direction of the shift with respect to the plane of the boundary i.e. whether the
shift is parallel or perpendicular to the boundary plane. Some examples of APB
formations due to in-plane shifts are shown in figure 2.5 and Figure 2.6.

The other APB shifts are a result of the lower symmetry of Fe;O4 monolayers
compared to the MgO substrate surface. Consequently, adjacent Fe;Oy islands
on the same MgO surface may be rotated by 90°, as shown in Figure.2.7. In

combination with the screw symmetry element of the spinel structure this gives

rise to thel/4(101),1/4(101), 1/4(011)and 1/4{011) shifts which are

designated as out-of-plane shifts. Eerenstein et al. have reported a detailed
transmission electron microscopy (TEM) study on the APB domain sizes in
Fes;0y4 films [47]. They found that the domain size increases significantly with
film thickness and shows a parabolic relation D o</ , where ¢ is the

deposition time which is proportional to the thickness of the film
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Figure 2.5. Schematic of antiphase boundaries (APBs) formed due to 1/ 2<100> type

of in-plane shifts (a) shift parallel to boundary plane (b) shift perpendicular to the
boundary plane. The boundary at which the two nucleation sites meet and form the

APB is indicated by the dashed line.
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23
deposited. They have also shown that the increase in domain size with
thickness is not by the growth of larger domains on top of the small domains in
the first monolayer, but is due to the diffusive migration of APBs, which were
found to anneal out during the post annealing studies. The free energy of the
thin films are higher due to the presence of APBs and therefore there is a large
affinity to remove APBs. Post annealing of these films helps the boundaries to
migrate such that a local equilibrium at the boundaries can be achieved. With
annealing the boundaries are found to have become straighter and the number
of junctions significantly reduced [47].

Since Fe;04 and MgAl,O4 possess the same spinel type structure and
symmetry, APB formation is not anticipated during the growth of Fe;O4 on
MgAl,Oy4 substrates. But the presence of APBs in this system is reported [48].
An important factor to be noticed in this system is relaxation of the film due to
higher misfit around 4%. A detailed description of APBs and misfit

dislocations and connection between them are given in chapter 4.

2.3.3 Magnetic exchange interactions in Fe;O, thin film

The magnetic exchange interactions across the APBs are very
important because they can affect the physical properties of the epitaxial Fe;O4
films. An anti-ferromagnetic coupling will have a strong influence on the
magnetization [14] and on the magnetoresistance properties [20]. A detailed
study of different magnetic exchange interactions across the APBs which are
not present in the bulk Fe;Oy is reported by Celotto et, al. [44]. Their analysis
shows that across the APBs there can be new, 180 degree strong
antiferromagnetic octahedral-oxygen-octahedral super exchange, 90 degree
weak ferromagnetic octahedral-oxygen-octahedral super exchange (which
exists in addition to the 90 degree ferromagnetic super exchange in the bulk),
additional double exchange interactions between octahedral iron ions etc.
All these interactions, their relative strength and presence have been
summarised in Table.2.1. Also some of the new exchange interactions across
the APBs are shown in Figure 2.8. It is clear that the majority of strong
interactions present in thin film are anti-ferromagnetic in nature [44].

The magnetic properties the films grown by sputter deposition,
molecular-beam epitaxy and evaporation differ from those expected for single

crystal Fe3;O4 with bulk behaviour [14]. In order to saturate the magnetization
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Figure 2.8. Schematic of magnetic exchange interactions formed across antiphase
boundaries (APBs) in Fe304 films grown on MgO (100) substrate (a) 1/ 2(100) shift
parallel to boundary plane. 90 degree ferromagnetic super exchange is indicated with

arrows in violet colour (b) 1/ 4<l 10> shift perpendicular to the boundary plane. 120

degree antiferromagnetic super exchange is indicated with arrows in violet colour.
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in Fe;O4, the magnetic field must be large enough to align all B site spins
parallel to the field direction, while A site spins are antiparallel due to AB
exchange coupling. In bulk crystals this occurs at relatively low fields
(anisotropy field ~310 Oe) which only needs to be large enough to overcome
the anisotropy and dipolar fields. But in the case of thin films, in order to create
this collinear arrangement of the spins the field must be large enough to
overcome the strong exchange coupling across the APB which favours
antiparallel B spins and antiparallel A spins on either side of the boundary.
Since the exchange fields are very large, films remain unsaturated in fields as
large as 70 kOe [14]. Since the presence of the APBs results directly from the
growth process of Fe;O4 thin films grown on MgO substrates, the anomalous

magnetic properties are intrinsic to the films, independent of preparation

technique.

Exchange Type and angle | Strength and | Presence
Interaction sign

oct-0x-oct super,180° AF, strong At APB
tet-ox-tet super, ~ 140° AF, strong At APB
oct-ox-tet super, ~ 120° AF, strong Bulk and at APB
oct-ox-oct super, ~90° FM, weak Bulk and at APB
tet-ox-tet super, ~70° AF, weak At APB

oct-oct direct FM, weak Bulk and at APB
tet-tet direct AF, weak At APB

oct-tet direct FM, weak At APB

Table 2.1. Magnetic exchange interactions across anti-phase boundaries in epitaxial
Fe;0, films grown on MgO, listed according to their relative strength.

2.3.4 Conductivity in epitaxial Fe;O, films

The resistivity of Fe;Oy4 thin films is higher than the bulk and increases
with decreasing thickness. This can be explained by the presence of antiphase
boundaries which strongly modify the conductivity in Fe3O4 thin films. The
magnetic coupling over the majority of these boundaries can be anti-
ferromagnetic. The conductivity of Fe;Oy4 is proportional to the square of the

transfer integral: ¢ o< t’. Previous studies have shown that the transfer

integral t, depends on the angle between two spins on neighbouring ions [49,

50], which is given by:
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¢
t=t cos— 2.5
e (2.5)

where ¢ is the angle between the two spins. In the case of ferromagnetic

alignment, the two spins are parallel and the transfer integral has its maximum
value typ. In the case of anti-ferromagnetic alignment the transfer integral
becomes zero. This is the case at the APBs when an anti-ferromagnetic
coupling is present. The epitaxial films are made up of structurally shifted
domains, within which the conduction resembles bulk behaviour, and at the
boundary regions the conduction is strongly reduced. The enhancement in
resistivity with reduction in film thickness is due to a decrease in APB domain

size or increase in APB density with reduction in thickness [47].

2.3.5 Magnetoresistance in epitaxial Fe;O, films

The epitaxial films exhibit large negative MR around and below T,.
Coey et al have studied the MR of Fe;O4 in polycrystalline thin films , powder
compact and single crystals. It has been suggested that MR in these systems
are associated with spin polarised electron transport across the adjacent
ferromagnetic grains with misaligned magnetisation due to the decoupled
magnetic exchange [45]. Li et al have studied the low field MR behaviour of a
polycrystalline Fe3zO4 film grown on polycrystalline SrTiO3 substrate and
compared it with an epitaxial film grown on MgO(100) substrate [S1]. The two
films showed comparable resistivity and exhibited very similar temperature
dependence. MR behaviour of the two films were also similar with a peak
occurring in both cases close to Ty, which is due to the abrupt changes in the
thermodynamic quantities accompanied with the first order Verwey transition.
Eerenstein et al have studied the MR of epitaxial Fe;O4 films grown on
MgO(100) substrate and the effect was attributed to the spin polarised transport
across the antiferromagnetically coupled APBs [20,52]. As explained in the
previous section the conductivity in the films are proportional to transfer

integral, ¢ o t*, and if the spin on a neighbouring ion is rotated over an angle

¢ the transfer integral is reduced to Equation 2.5. Therefore transfer of the
conduction electron between ions with antiparallel spins at an
antiferromagnetically coupled APB is blocked and conductivity is zero. When

a magnetic field is applied, the spins at the boundaries will align themselves to
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some degree with the magnetic field so that the electron transfer across the
boundaries will increase [20,52]. Considering two spin chains separated by an
antiferromagnetic boundary, they obtained the relation:

HM
cos’ @, = = > (2.6)

AF

Where H is the applied magnetic field, Mg is the saturation magnetisation and
WAF=A2AF/AFd2 (where Ap is the exchange stiffness constant, Aar is the
exchange stiffness constant for antiferromagnetic exchange interaction at the
boundary and d is the distance between two neighbouring spin chains along the
boundary). This analysis shows that transport through an antiferromagnetically
coupled APB will be zero if no magnetic field is applied and increases
approximately linearly with a magnetic field. This is the cause of the
magnetoresistance behaviour in these films. The magnetoresistance behaviour

of Fe;0y films will be discussed in detail in chapter 5 and 6.
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A concept exists for a physicist only when there is a possibility of
finding out in a concrete case whether or not the concept applies.

Einstein 1920



Chapter 3

Experimental Details

3.1 Introduction

The rapid advancements in the study and application of ultra-thin films
over the last few decades are due to improvements in ultra high vacuum
technology and deposition techniques. In this chapter we give a detailed
description of the thin film growth methods and the techniques used to
characterize the films. The chapter is divided in to two main sections. In the
first section (§3.2), The thin film growth using molecular beam epitaxy (MBE)
and in situ analysis of the samples using reflection high energy electron
diffraction (RHEED) are discussed. In the second section (§3.3), ex situ
characterisation of samples using different methods such as high resolution X-
ray diffraction (HRXRD), vibrating sample magnetometer (VSM), low
temperature magneto transport measurements, Raman spectroscopy, and

transmission electron microscopy (TEM) are discussed.

3.2 Molecular beam epitaxy (MBE)

‘Epitaxy’ is a specialized thin-film deposition technique. The term
epitaxy (Greek; "epi" "upon" and "taxis" "in ordered manner") describes an
ordered crystalline growth on a crystalline substrate. It involves the growth of
crystals of one material on the crystal face of another (hetero-epitaxy) or the
same (homo-epitaxy) material. Epitaxy forms a thin film whose material lattice
structure and orientation or lattice symmetry is identical to that of the substrate

on which it is deposited.
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Molecular beam epitaxy is a sophisticated form of vacuum evaporation.
Molecular beams of the constituent elements are generated from sources and
travel without scattering to a substrate where they combine to form an epitaxial
film. In solid source MBE, material is evaporated from solid ingots by heating
or with an electron beam. The rate of growth depends on the flux of material in
the molecular beams which can be controlled by the evaporation rate and, most
importantly, switched on and off with shutters in a fraction of the time required
to grow one monolayer. The basic principle of epitaxial growth is that atoms on
a clean surface are free to move around until they find a correct position in the
crystal lattice to bond. In practice there will be more than one nucleation site
on a surface and so growth is by the spreading of islands. The mobility of an
atom on the surface will be greater at higher substrate temperature resulting in
smoother interfaces, but higher temperatures aiso lead to a lower "sticking
coefficient” and more migration of atoms within the layers already grown.
Clearly there will be a compromise temperature to achieve the best results.
Using MBE thin films can be grown with very precise control over the film
thickness and stoichiometry, thus enhancing the reproducibility of quality thin

film production.

In our MBE system a molecular beam of a metal species is created by
the evaporation of the source material using a beam of high energy electrons.
The molecular beam subsequently condenses on a substrate and the thin film
grows epitaxially. By controlling the flux of the molecular beam and by
controlling the energy of the evaporating e-beam, one can control the growth
rate of the thin film. Metal oxides may also be grown by MBE by simply
adding the appropriate gas into the deposition chamber. The gas may be added
in molecular form or, using a plasma generator, may be added in atomic form.
In this manner we were able to produce the magnetite films for this research
work. The low background pressure possible due to the advances in high
vacuum technology ensure that the growing film remains contamination free

for the time necessary to deposit the films and analyse them in situ.

All of the films grown and investigated during the course of the
research outlined in this thesis were deposited using a DCA MBE M600
Molecular Beam Epitaxy System. The system comprised of two separate

chambers connected via a gate valve. The chambers were designated the Load-
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Lock chamber and the Deposition chamber. Substrates and samples were
transferred between the chambers using a magnetically coupled transfer arm,
which had a transfer cup attached. The transfer cup facilitated transfer of the
bare substrate/sample from the Load-Lock chamber to the Deposition chamber
and vice verse. The deposition chamber was fitted with a reflection high
energy electron diffraction (RHEED) system for in situ sample analysis.
Construction of the system was in all parts UHV compatible while all parts
were fitted with standard ConFlat (CF) type flanges for use with flat Copper
gaskets. The base pressure of the Load-Lock chamber was of the order 5 x 107
Torr while the base pressure of the Deposition chamber was of the order of 5 x
10" Torr. The detailed description of different parts of MBE is given in the
following sections. A photograph of the system layout is given in Figure 3.1

below.

Figure 3.1. The entire MBE system, including the load-lock chamber, the deposition
chamber, the transfer arm and the assorted power electronics cabinets.
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3.2.1 Ultra high vacuum (UHV) system
3.2.1.1 Deposition chamber

The deposition chamber associated with the MBE system was a
vertical 600 mm ID chamber with a wire sealed removable top flange. A
schematic of the chamber is shown in Figure 3.2 below. The system was fitted
with a low wobble substrate manipulator which consisted of a heavy duty Z-
manipulator, a hollow shaft inverted rotary motion feed-through and a high
temperature heater stage. The substrate manipulator was located vertically in
the centre of the chamber meaning that, once loaded the substrate was facing
downwards during all processes and manipulations. The rotary drive consisted
of two concentric tubes of which the inner was stationary and the outer could
be rotated, using magnetic coupling. All electrical wiring (thermocouple and
power) were conducted through the inner stationary tube.

The substrate manipulator featured a new design for the heater
electrical contacts and the support bearings. The heater stage was a high
temperature heater stage with a PBN/PG/PBN cup heater element. The
element was surrounded by a radiation shield. A C-type thermocouple (W/Rh)
was located in the space between the filament and the substrate. The
temperature was controlled via a EUROTHERM 2408 controller used in
conjunction with a DC power supply. All pre-deposition annealing was done
in situ using the substrate manipulator heater avoiding the need for a separate
annealing chamber. This improved the quality of the cleaned substrates and
minimised possible contaminants that may have arisen as a result of the
transfer procedure between adjacent chambers. The heavy duty Z-stage was
used for loading and RHEED alignment purposes. The manipulator also
allowed the substrate to be lowered to any height above the main shutter thus
increasing the effectiveness of the main shutter in interrupting all e-beams.
The substrates were loaded into Molybdenum holders which in turn were
loaded into the substrate manipulator with a minimum of stress and the active
substrate surfaces were pointing down and held in place by gravity alone. The
Molybdenum holder allowed for low electron beam incident angle RHEED
measurements to be made. Details of the attachment of the substrates to the
sample manipulator and the RHEED system alignment will be discussed in

later sections.



35

iHeavy duty Z-stage

RHEED |
Screen |

source L
“

Gas inlet

/'
/
Turbo pump Water

] cooling
Ion pump
(a) Sample manipulator (d) Water jacket
(b) To load lock chamber (e) e-beam evaporator
(¢) Crucible

Figure 3.2. Schematic of the MBE deposition chamber layout, depicting the RHEED
system, the e-gun and the associated shutters and thickness monitor head, and the
vacuum system.

While the chamber was equipped with two electron guns (e-guns), one
magnetron gun and five effusion cells only the one e-gun was utilised for this
work. The source materials for evaporation were loaded into individual
crucibles, with the composition of the crucible compatible to the source

material to preclude the risk of damage or contamination. The e-guns were
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mounted on NW200CF flanges allowing easy access for cleaning. The e-guns
were also equipped with external support rails which allowed easy removal of
the e-guns and crucibles from the deposition chamber thus facilitating re-filling
and servicing. One of the e-guns, designated e-gun-1, (the one which was used
in this work) was used in conjunction with a single, large crucible which
typically contained Fe pellets. The second e-gun, designated e-gun-2, was used
in conjunction with a moveable Molybdenum plate which housed four
individual small crucible holders. Each crucible was filled with a different
source material and the plate, and hence the crucibles, were positioned in
relation to the electron beam (e-beam) by means of a feed-through screw.
Thus, at any one time the deposition chamber was primed with up to five
different source materials.

The electron beam generated by each e-gun was controlled by a
sweeper mechanism, which allowed the electron beam characteristics to be
adjusted. This allowed the frequency at which the electron beam swept the
relevant crucible to be controlled along with the X- and Y-axis travel of the
beam over the crucible surface. This was achieved by controlling the voltage
applied to plates within the e-gun architecture, thus controlling the deflection
of the electron beam. The relevant values were adjusted using a separate,
handheld control panel. When the sweeper functionality was in an off position
the electron beam fell on only one point of the crucible.

The e-gun power and hence the deposition rates were monitored and
controlled using an INFICON IC/5 deposition rate controller. In general, the
higher the power applied to the e-gun the more intense the electron beam and
thus the higher the deposition rate. Alternatively, the deposition rate could be
controlled using the sweeper module. The energy density of the electron beam
could be controlled by adjusting the area of the crucible upon which the
electron beam fell. The smaller the X- and Y- travel of the beam the higher the
electron beam density and so, the same deposition rate could be achieved for a
lower power rating. In general this method was not used as the electron beam
was set to sweep the entire crucible surface to try and maintain uniform heating
of the source material and minimise the effects of local hot spots.

Each e-gun had a port associated with it to house a quartz crystal
monitor head. These crystal monitor heads were positioned such that they

were shielded from other sources. Each crystal monitor head was further
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shielded by a shutter which, when used correctly, acted to prolong the lifetime
of the monitor head. Each e-gun also had an associated shutter positioned over
the relevant crucible evaporation position. This shutter acted to allow material
impact on the crystal monitor head but not on the substrate. This in effect
allowed the system to be stabilised before deposition commenced. Also
associated with each e-gun was an unique beam spot observation system based
on a rotatable mirror configuration, Thus, the respective mirrors could be
hidden during deposition, to avoid damage or contamination, by means of a
rotary feed-through.

The shutter system as described above was a linear electro-pneumatic
shutter system. The shutter blades were moved outside the vacuum with a
pneumatic actuator. The construction was designed to give enough driving
force even after heavy contamination of the shutter blade. The shutter
operation was completely controlled using Festo controllers which allow for
easy adjustment of the shutter motion via adjustable pressure valves. The
shutters were run in soft-mode to minimise vibrations and flake fallings. The
deposition chamber also consisted of a main shutter positioned directly below
the substrate manipulator. This shutter allowed all beams to be interrupted at
once, no matter the source. This shutter was only opened during the loading of
a substrate and during deposition. At all other times it was kept closed to
prevent any unwanted material or contaminate impinging on the substrate.

The electron gun area was separated from the main body of the
deposition chamber by a water cooled roof. The lower part of the deposition
chamber was fitted with a water cooled shroud that effectively separated the
growth area from the e-guns. At the lower end of the water panel the source
positions were separated from each other with double wall Mo beam separator
plates. These plates were in good thermal contact with the water panel and the
double walled design effectively prevented any thermal or chemical cross talk
between different sources.

The deposition chambers pumping system consisted of a VARIAN
Triode ion pump with a pumping speed of 500 Is”, a VARIAN V1000 1000 Is™
turbo pump and a VARIAN Tri Scroll 600 dry scroll vacuum pump. The turbo
pump was separated from the deposition chamber with an electro-pneumatic

gate valve via a NW200CF flange. The vacuum system thus described allowed
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base pressures of the order of 5 x 10" Torr to be achieved in the deposition

chamber.

3.2.1.2 Load-Lock Chamber

The Load-Lock chamber facilitates the loading and transferring of the
sample to deposition chamber, using a magnetically coupled transfer arm,
without breaking the ultra high vacuum condition maintained in the deposition
chamber. The Load-Lock chamber design utilises a small volume chamber
consisting of a 200 mm ID spherical vessel. The substrate holder is introduced
into the Load-Lock chamber via a VITON sealed quick access door (top
loader). The Load-Lock chamber is equipped with a 70 Is” VARIAN turbo
pump and a VARIAN Dry Scroll pump. The chamber is vented through a
Nupro vent valve and/or the automatic VARIAN vent valve mounted on the
turbo pump. The chamber is vented using either nitrogen or argon gas. The
vacuum monitoring includes a GRANVILLE — PHILLIPS control unit with a

Convectron gauge head and a nude ion gauge head.

Access door

To deposition
chamber

Magnetic
coupling

Venting
valve

Turbo pump

Figure 3.3. Schematic of the MBE Load-Lock chamber layout, depicting the Sample
holder, magnetically coupled transfer arm and the vacuum system.
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The maximum baking temperature for the Load-Lock chamber was 150 °C,
limited by the VITON sealed quick access door. Schematic of the MBE Load-

Lock chamber is shown in Figure 3.3.

3.2.1.3 Plasma source

The MBE system was fitted with an Oxford Scientific OSPrey Plasma
Source set to operate in Atomic Mode. The specially designed aperture plate
inhibits ions from escaping from the plasma, yet allows reactive neutrals to
escape and form the dominant beam fraction. The emitted particles are largely
thermalised through multiple collisions on passing through the aperture. The
plasma source was fitted to the deposition chamber via a CF100 port.
Microwaves with a frequency of 2.45 GHz were generated by a microwave
magnetron operating at a magnetron power of 10-250W. The microwaves
were then coupled through a resonant coupler into a coaxial feed-through
structure which guided the microwaves into the vacuum and up into the plasma
chamber. The plasma was excited in this chamber and the microwaves
absorbed. The plasma was confined to this chamber. Further enhancement of
the plasma density was provided by a magnetic quadrupole arranged around
the discharge chamber which generates an 87 mT field inside the plasma. At
this field strength electrons in a 2.45 GHz microwave field undergo electron
cyclotron resonance motion. The spiralling motion greatly enhanced the
electron path length and therefore the probability of collisions leading to the
creation of ions was increased. The open end of the plasma chamber was fitted
with aperture plates with a number of small holes. These acted to reduce the
number of ions leaving the plasma chamber thus effectively reducing the ion
current. The beam leaving the plasma chamber consisted mainly of molecular
and atomic particles. In this manner molecular oxygen (O,) was converted into
atomic oxygen and subsequently introduced into the deposition chamber. The
atomic oxygen impinged on the surface of the substrate in the same manner as
the metallic species and in such a manner thin film metallic oxides were

deposited. For this work the only metallic oxide deposited was magnetite.

3.2.1.4 Water Cooling system and Interlock system
All of the water-cooled equipment associated with the MBE system had its

own separate water-cooling circuits. The main water-cooled pieces of
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equipment were the e-guns and the substrate manipulator. The cooling lines
were controlled by manual ball valves located in a cooling block. Namur type
sensors monitor the water lines to ensure there was sufficient water to cool the
respective equipment. There was a safety interlock system to ensure sufficient
water cooling. A compressed air line was used to ensure sufficient air pressure
to provide sufficient water pressure. Failures of the water pressure lead to

tripping of the interlock and system shutdown.

3.2.1.5 Sample Preparation and Loading

Each substrate (MgO substrate) was de-greased in an ultra sonic bath
for 15 minutes in each of Methanol, Iso-Propanol and Acetone. The substrate
was then boiled in Acetone for several minutes prior to being loaded into the
Molybdenum (Mo) substrate holder, shown in Figure.3.4 (a) below. The Mo
holder had a 10mm x 10mm size square hole in the centre, which was designed
in such a way to hold the sample, and three protruding parts separated radially
at 120 degrees apart. The Mo holder was placed on a stainless steel cup (see
Figure.3.4 (b) ) which had three square slots aligned with the three protruding
parts in the Mo holder. The substrate was loaded with the polished side facing
down on the Mo holder and was lifted out of the cup using a specially designed
transfer tool that accompanied the MBE system which is shown in Figure.3.4
(c). The transfer tool had two co-axial rings inside the main cylindrical tube.
The bottom ring had three square slots (marked as (i) in the Figure.3.4 (c))
similar to the ones in the sample cup, which was aligned with the three
protruding parts in the Mo holder. The transfer tool was then inserted in to the
cup by aligning the protruding parts of Mo holder with the slots in the transfer
tool. The transfer tool was rotated in clockwise direction so that the protruding
parts of Mo holder moved within the rings of transfer tool and locked at a
stopping screw which is marked as (ii) in the Figure 3.4 (c¢). The Mo holder,
and substrate, was then transferred to the transfer cup (similar to the one which
was used before) in the Load-Lock chamber via the VITON sealed quick
access door (top loader).

Once loaded the Load-Lock chamber was pumped until the pressure
reached ~ 5 x 107 Torr, at which point the gate valve was opened and the
transfer arm was moved to a position in the centre of the Deposition chamber.

The substrate manipulator was lowered over the transfer cup until it coupled
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with the Mo substrate holder. The manipulator was then turned through a pre-

set angle into the lock position at which point the Mo holder was deemed to be

(b)

(©

Figure 3.4. (a) Molybdenum sample holder (b) Cup (c¢) transfer tool (i) rectangular
slot (ii) stopping screw

locked into the substrate manipulator by the same mechanism explained before
in the case of transfer tool. The substrate manipulator was then raised again and
the transfer arm, and transfer cup, withdrawn from the Deposition chamber.
Once the transfer arm was completely removed from the Deposition chamber
the gate valve was closed and the two chambers were essentially independent
from each other again.

Once the substrate and Mo holder was loaded in the substrate
manipulator the Deposition chamber was pumped until it again reached its base

pressure of ~ 5 x 10" Torr. Only at this point did the in-situ annealing
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commence. Generally the substrates were annealed at 600°C in UHV for 30
minutes and in an oxygen environment of 1 x 10” Torr at 600°C for 180
minutes. The substrates were annealed in an oxygen environment to ensure
that any oxygen vacancies that may have arisen due to the UHV annealing
were corrected for. On completion of the annealing the substrate surface was
checked using RHEED to ensure the surface was smooth, clean and well
ordered. In the event of any problem with the surface the substrate was
annealed for a longer duration until a satisfactory RHEED image was obtained.
The substrate was then deemed ready for deposition. The annealing procedures
and deposition parameters used in the present work will be discussed in the

following chapters.

3.2.2 In- situ sample charecterisation
3.2.2.1 Reflection High Energy Electron Diffraction (RHEED)

-—— )

(a) Diffracted e-beams  (b) Phosphorus screen
() Incident e-beam (d) Sample

Figure 3.5. Schematic of the RHEED system configuration. The e-gun and the screen
lie along the same radial axis of the deposition chamber thus the diffraction conditions
are met and a diffraction image appears on the phosphor screen.
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Reflection high energy electron diffraction (RHEED) is one of the most
important in situ sample characterisation tools for the crystal structure and
thickness of the film [1,2,3].

In a typical RHEED system a high energy electron beam (10-50 KeV)
arrives at a sample surface under grazing incident angle (0.1-5 degree), see
figure 3.5. At such higher energies the electrons can penetrate any material for
several hundreds of nanometers. However, due to a grazing angle of incidence,
the electrons only interact with the topmost layer of atoms (1-2nm) at the
surface which makes the technique very surface sensitive. The scattered
electrons collected on a phosphorus screen form a diffraction pattern
characteristic for the crystal structure of the surface and also contain
information concerning the morphology of the surface. The main reasons for
the popularity of RHEED are accessibility of the sample during the deposition
(the electron beam falls from the side and the flux of the depositing material is
directed perpendicular to the sample surface) in relatively high pressure
environment and the observation of intensity oscillation of the specular spot
during deposition which allows determination of growth rate and growth mode
[4]. A brief description of the basic principles and analysis of RHEED is given

in the following section.

3.2.2.2 Basic principles of RHEED

Impinging electrons on the sample surface interacts with the
electrostatic potential U(r) of the solid. After the scattering some electrons lose
energy (inelastic scattering) while some electrons retain their energy (elastic
scattering). Inelastically scattered electrons forms the features in a RHEED
pattern called Kikuchi patterns [1]. The main part of elastic electrons scatters at
the outermost atomic layer and consequently very surface sensitive.
However, inelastic electrons are often indistinguishable from the elastic ones
and contribute significantly to the total detected intensity. In Kinematical
scattering theory, where only single scattering events are considered, the

possible reflections are determined when the Bragg diffraction condition:
K -K, =G (3.1)
is satisfied, where K, is the wave vector for incident beam, K' is the

wavevector for diffracted beam and G is the reciprocal lattice vector. This
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implies that the conditions for diffractions are met when the incident and

diffracted wave vectors differ by a reciprocal wave vector. In the case of elastic

, this diffraction condition can be cast

scattering, which means that |K‘ = ‘KO

into the geometrical construction of the Ewald sphere in reciprocal space. In

this construction the tip of K,is attached to a reciprocal lattice point. The
sphere around the origin of K, with radius‘Koy then defines the Ewald sphere,

see Figure 3.6. Reflections can occur for all K connecting the origin of the

sphere and a reciprocal lattice point on the sphere.

® © 09 © © 00 00 ©® 0 0 0 09 © 0 0 0 o
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s 5 e Reciprocal >
ceececooe e | Lattice o

Figure 3.6. Schematic of the requirements necessary for the RHEED diffraction
conditions to be fulfilled. The Ewald sphere is a sphere of radius K.

The surface normal componentK , of the incident wave vector which

determines the penetration into the material can be carried over a large range of
values by changing the incidence angle 0. For low incidence angles the
sampling depth of RHEED can be very small. This implies that the periodic
part of the crystal beneath the surface can usually be neglected and therefore
we can approximate the sampled volume in the reciprocal lattice by a two

dimensional layer. The reciprocal lattice then degenerates into a set of one-
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Figure 3.7. Schematic of the RHEED diffraction geometry. (a) orientation of the
sample with the beam (b) side view of the intersections of Ewald sphere with the
reciprocal lattice rods. (c) Projection of the Ewald sphere on a Plane parallel to the
sample surface.
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dimensional rods along the z direction perpendicular to the surface. In RHEED,
the Ewald sphere is large enough to produce an almost planar cut through the
first few Brillouin zones of the reciprocal lattice. Thus, the intersection of the
Ewald sphere with a reciprocal lattice rod is almost tangential. This leads to the
elongated streaks associated with a clean, well ordered sample surface. Any
degradation of the streaks observed is an indication of a rough, and possibly
dirty, surface.

Since the reciprocal lattice consists of continuous rods every rod
produces a reflection in the diffraction pattern as shown in the Figure 3.7 (b).
The reflections occur on so-called Laue circles of radius D, centered at H.
Diffracted beams are observed in the angular directions @ and B as shown in
the Figure 3.7 (a) .The specular reflection or specular spot S is located at the
intersection of the zeroth-order Laue circle with the (00) rod. The origin of the
reciprocal lattice is projected on to I, where for some sample geometries the
part of the incident beam that misses the sample becomes visible [1]. A
quantitative method to determine the lattice constant of the sample from the
RHEED pattern is given by Herndndez-Calderén et al [5].

In a typical RHEED experiment with an electron wave vector K,
~10°A™" and reciprocal surface vector g, the characteristic value of g/Kj ~10?
this means that the Ewald sphere will touch a few rods at both sides of the (00)
rod, see Figure 3.7 (b) and (c). The angles between these reflections will

practically be same and are given by

B, =tan™ 8. |- tan"(%) (3.2)

N

where g, is the reciprocal lattice rod separation perpendicular to the beam. L
is the sample to screen distance and t is the distance between streaks. Since

g, =2n/d,, where d; is the distance between equivalent rows of atoms parallel

to the incident beam and g, << Ko ,where Ko= 27/ Ay, the relation
dit=Lk (3.3)

is obtained from Equation (1) where Ay is the wavelength of the electron in the

relativistic approximation. For a fixed electron beam energy and geometry
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configuration, the parameter LAy can be calibrated with a sample whose lattice
constant is well known. In this way a precision in the determination of lattice
constants of 10 can be easily obtained.

The intensity of specular spot in the RHEED pattern generally exhibits
very regular oscillations as a function of time, under the growth conditions that
lead to layer-by-layer growth or Frank-van der Merwe growth [6-9]. In the
layer-by layer growth mode one layer is essentially completed before material
is added to the following layer. This periodic variation of the surface
morphology is generally accepted as the reason for RHEED oscillations. The
intensity of the specular spot of the clean substrate is maximum and when
deposition starts, islands are formed on the surface resulting in an increase of
the roughness and a corresponding decrease in intensity due to diffuse
scattering [10]. After the completion of one monolayer the surface is again
smooth and the intensity increases. This process is shown in the figure 3.8.
RHEED osciliations are used to determine growth rates, layer thicknesses and
alloy compositions [9]. For Fe;O4 one monolayer corresponds to a quarter of
the unit cell which is 0.21lnm. When the oscillation period is known, the
thickness of the film can be calculated accurately from the deposition time.

The RHEED images obtained for a vicinal surface shows distinct
features when beam directed along the step edges and perpendicular to the step
edges. In the first case RHEED images shows vertical lattice rods and sharp
Kikuchi lines are observed and in the second case RHEED images shows sharp
horizontal kikuchi lines which are not observed in the first case.

This is because of the increased inelastic scattering due to the presence
of atomic steps. The horizontal Kikuchi lines are generally slightly tilted with
respect to the shadow edge due to the miscut of the sample surface. On a
stepped surface there exist several reciprocal lattice sub-rods that run along the
normal to the average miscut surface plane, representing the reciprocal lattice
of the step edge, apart from the rods perpendicular to the singular planes
between the steps [1]. When the Ewald sphere cuts these rods close to an out-
of-phase condition, there are either multiple reflections or an intensity
maximum displaced from the average centre of the rod resulting in splitted
spots. The mechanism responsible for the spitting by the exit geometry of the

electrons at a vicinal surface is shown in the Figure 3.9.
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Figure 3.8. Schematic of the correlation of surface coverage with idealized RHEED
oscillations.

When the electron crosses the potential step, its momentum
perpendicular to the local surface orientation is reduced. If the electron exits at
a step face, the momentum change is along the beam, and its direction remains
basically unchanged whereas a significant deviation occurs for an exit path
through the terrace top face. The two lines of the doublet therefore relate to
different scattering geometries, and difference in intensities of the unrefracted
and refracted lines leads to spilt spots [1]. The average surface tilt or miscut

angle can be calculated from the spot separation using the following equation:

0 =<9—°> (3 4)
¢ 2mn/sd-1 ’

where <0.> is the average exit angle of the two diffraction spots, d is the
planer spacing and s denotes the spot separation in reciprocal lattice units. For

the incident beam direction perpendicular to the step edges there are additional
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features observed like slashes alongside the vertical rods due to the additional

periodicity arising from the terrace width.

Refracted Unrefracted

Kikuchi electrons

Figure 3.9. Ray paths of electrons leaving the crystal through terrace planes and step
edges. The difference in refraction leads to split spots.

3.2.2.3 Instrumentation details of RHEED on the MBE system

The MBE deposition chamber was fitted with a Staib Instrumente
Reflection High Energy Electron Diffraction (RHEED) RH 30 system. The
system consisted of an electron gun (e-gun) fitted to one of the spare radial
deposition chamber ports and a phosphor screen located diagonally across from
the e-gun, fitted to one of the other spare deposition chamber ports. A CCD
camera was mounted behind the screen to capture the RHEED images. The
electron beam source and detector, effectively the e-gun and the phosphor
screen, were located along the same axis as was required for the proper
operation of the RHEED system. A general schematic of the RHEED
configuration is given in Figure 3.5. The RHEED system was capable of
working in UHV and also in a vacuum of the order of 5 x 10” Torr, though at
this pressure the RHEED electron gun (e-gun) was pumped under a differential
arrangement by the load-lock turbo pump. This was done in order to prevent
oxidation of the RHEED e-gun element. Specifics of the RHEED system
included:

e asmall focus spot (< 100 pum)
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e the beam size remains constant even over large working areas

e asmall beam divergence (under 0.2 mrad) could be obtained

The RHEED system was equipped with an electron optical system
specially designed for RHEED applications, i.e. it was equipped with an
electron optical diaphragm system thus producing as shallow angle electron
beam as possible. For all the RHEED images presented in this work the
RHEED system was operated at a voltage of 20 kV and a filament current of
1.6 Amps. It must be noted that due to the proximity of e-gun-1 to the RHEED
e-gun high quality RHEED images could not be produced while e-gun-1 was
operating. This was due to the effect of the e-gun sweeper fields on the
RHEED electron beam. Thus, RHEED images for films grown using e-gun-1
were only taken on completion of the deposition, with the sweeper in the off
position.

To complete a RHEED analysis the substrate had to be rotated to ensure
the correct crystal orientation was presented to the electron beam. This was
achieved by rotating the substrate manipulator through pre-defined angles in
order to present the <110> and the <100> directions to the e-beam. To ensure
reproducibility the substrate manipulator was rotated through a multiple of
angles to ensure several manifestations of the same crystal directions were

investigated.

3.3 ex-situ sample charecterisation
3.3.1 High Resolution X-Ray Diffraction (HRXRD)

The conventional high resolution X-ray diffraction has been developed
in to a powerful tool for the nondestructive ex-situ investigation of epitaxial
layers of heterostructures and superlattice systems. Wide range of information
can be gathered form the diffraction patterns like composition and uniformity
of epitaxial layers, their thickness, the built in strain and relaxation etc. The
details of high resolution X-ray diffraction measurements employed in the

present work and instrumentation details are given below.
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3.3.1.1 Basic principles of HRXRD
Any measurements of lattice spacing are in principle determined by the
Bragg’s law :

Ay = 2—;}15 (3.5)
where dpw is the spacing of lattice planes with Miller indices (hkl), 0 is the
corresponding Bragg angle, A the wavelength of X-ray used, and n is an
integer. In Figure 3.10 the scattering geometry is shown. @ denotes the angle
between the lattice plane (hkl) and the surface, K; and K are the incident and
the scattered wavevectors. p is the surface normal and q is the normal on

reflecting planes. e, is the angle between the surface plane and incident

wavevector whereas . is the angle between the surface plane and scattered

wavevector. o, is referred to as @ here after.

Figure 3.10. Scattering geometry of X-rays probing a plane having an interplanar
angle ¢ with the surface plane.

In epitaxial systems typically lattice constant variations (Ad/d)
between10™ to 10™* have to be measured. The corresponding angular changes
A@ in the Bragg angle follow from the differentiation of Bragg’s law (Equation
3.5) as

Ad_AL_ A
d A tan®

(3.6)

It is clear from Equation 3.6 that for high precision measurements of lattice

constants the wave length spread AA has to be minimised and to achieve this,
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the simple powder diffractometers using a focussing path for the X-Rays are
replaced by double and triple-axis spectrometers equipped with multiple crystal
or channel cut monochromators and analyzers. In a double axis spectrometer
two crystals are used. The first one is often a dislocation free Ge or Si crystal,
(sometimes cut to use an asymmetric Bragg diffraction for extremely high
resolution), used as the beam conditioner. The second one is the sample to be
investigated. In a triple-axis spectrometer apart from the beam conditioner and
sample crystal, channel cut crystal is used as an analyser. The advantages of

the triple-axis spectrometer are the following

1) Improved angular resolution permits the observation of weak
diffraction satellites.

2) The triple-axis diffractometer allows Bragg plane tilts and dilatations to
be determined independently.

3) Diffuse scattering e.g. originating from distorted interfaces can easily

be separated from coherent Bragg scattering.

The disadvantage of triple axis in comparison with double-axis
spectrometer is the analyser crystals reduce the intensity and thus longer
measurement time results. The adjustment procedure is quite difficult in triple

axis spectrometers comparison with the double-axis

3.3.1.2 Determination of Lattice parameters using HRXRD
During the epitaxial growth the unit cell of thin films can distort due to

elongation or compression of in-plane lattice constants in the orthogonal
directions depending on the sign of the lattice mismatch € which is given

below:
e= — = 3.7)

where ag and ayy are the substrate and thin film lattice constants. If the in-plane
lattice constant of thin film is equal to the in plane lattice constants of the
substrate with a corresponding change in the out-of-plane lattice constant, then
the epitaxial system is said to be in a ‘strained state’. During the growth the
strain induced energy built up within the thin film can reach a threshold value

at a particular film thickness called critical thickness (t.) and cause the film to
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Figure 3.11. Schematic of the diffraction geometry for a vicinal surface.(a) and (b)
shows symmetric diffraction when miscut minimum facing the incident beam and
when miscut maximum facing the incident beam respectively.
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relax to its bulk lattice parameters. To understand the strain status of the film it
is necessary to measure the out-of-plane lattice constant or perpendicular lattice

constant (a, ) and in-plane lattice constant (a,) of the film which lies parallel
to the surface plane. To measure a, anda,, the following methods are

employed.

Symmetric scans

If @ =0 i.e. the reflecting lattice planes are parallel to the surface, the
Bragg diffraction is called ‘symmetric’. For ® #0 the Bragg diffraction is
defined as ‘asymmetric’. In the case of epitaxial thin films the symmetric scan
can be used to find the out-of-plane lattice constant or perpendicular lattice
constant (a, ). To find a, a symmetric scan is performed on appropriate
surface planes of thin film and substrate.

Ideally ® is half of 20 value but can be 65 + a for vicinal substrates
with a miscut angle a. ®=0 + a is in the case when miscut minimum is facing
the incident beam or the incident beam is in the step up direction as shown in
the Figure 3.11 (b) and ®w=0-a is in the case when miscut maximum is facing
the incident beam or incident beam is in the step down direction as shown in

the Figure 3.11 (c).
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Figure 3.12. Typical symmetrical ®-26 scan.
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After the optimisation of @ and 28 for the diffraction plane an ®-20 scan is
performed in which the detector follows twice the angular increment of . A
typical rocking curve obtained for a symmetrical ®-20 scan is shown in Figure
3.12. The high intensity peak is from the substrate and low intensity peak is
from the thin film. The diffraction peak of thin film comes right to the substrate
peak if the lattice constant of the thin film is smaller than the lattice constant of
the substrate.

The Bragg angle for the thin film is calculated by adding the separation
between substrate peak and thin film peak (A®) to the Bragg angle of substrate
05 as shown below.

Orr = 65 + A® (3.8)

Substituting Or obtained from Equation 3.8, into Equation 3.5 gives
the lattice spacing dnw. The out-of-plane lattice constant a, for a cubic crystal
(which is the case in the present study of Fe;Oy thin films) can be calculated

using the following equation:
a, =d,,vh? +k* +1? (3.9)

Asymmetric scans

Asymmetric scans are performed on two accessible opposite inner
planes (h k 1) and (-h-k 1) with an inter-planar angle @ with surface plane as
shown in the Figure.3.13 (a). The asymmetric scans performed on these planes
are called grazing incidence (GI) and gracing exit (GE) on the respective
planes as shown in Figure 3.13 (a). For the grazing exit and grazing incidence
diffraction geometries the detector is optimised at 205 position, where 6 is the
Bragg angle for the corresponding (hkl) plane of the substrate. The sample is
rotated to a position ® = 0,+®; for grazing exit diffraction geometry and ® =
0,-®; for grazing incidence geometry. @ is the inter-planar angle between
(hkl) plane and surface plane of the substrate. This is again clearly shown in

Figure 3.13 (a) and (b).
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Figure 3.13. (a)Asymmetric gracing exit (GE) and gracing incidence (GI) diffraction
geometries (b) more realistic view of GE and GI diffraction geometries.

In a strained epitaxial film inner (hkl) diffracting planes will not be

parallel to the corresponding (hkl) planes of the substrate. Performing an

asymmetric ®-20 scan from the optimised 26, and @ positions will not gather

the thin film intensity. This is due to the different value of inter-planar angle

between the (hkl) plane and surface plane of the thin film which is ®rg

compared to the substrate. The difference between inter-planar angles is given

as A®=®pp-D. This is represented in Figure 3.14 in the case of a fully

strained system.
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Figure 3.14. Schematic of a fully strained substrate — film system.
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Figure 3.15. Representation of asymmetric grazing exit diffraction geometry for w-26
scans on a fully relaxed Fe;0,4(100) / MgO(100) system from (311) set of planes in (a)
reciprocal lattice space and (b) real space.

For a better explanation let us consider the case of epitaxial Fe;O4 (100)
thin film grown on MgO (100) substrate which is used in the present study.
Since Fe3O4 unit cell has nearly double the lattice constant of MgO (are3os4=
0.8397nm, amgo= 0.4123nm), Fe3O4 grows upon four unit cells of MgO.
Lattice constant of two MgO unit cells together is higher than the lattice

constant of Fe3;O4 and therefore the Fe;O4 unit cell is tetragonally distorted



58

< 3 5
' %

® . @22 @O  2,@ V. @
Defractometer™ . Y& " . - T 7 e
circle ]

] ®

& ®

® ®

. - Qn

0-2-2 0-1-1 000 011

Figure 3.16. Representation of the shifts of (622) and (6-2-2) reciprocal lattice points
from the »-26 diffraction line.

with its in-plane lattice constant increased to a value equal to that of MgO and
out of plane lattice constant decreased to a lower value compared to the bulk
value of Fe;O4. To measure the in plane lattice constant, diffraction peaks of
(311) plane of MgO (which is having an inter-planar angle ®s=25.23° with the
(100) surface plane) and (622) plane of Fe;O4 whose lattice spacing (dgz2 ) is
smaller but comparable to the lattice spacing (da11) of MgO, are used. When
the system is fully relaxed the (311) and (622) planes are parallel i.e. ®1f =
®s=25.23" or A®= 0, performing an asymmetric grazing exit or grazing
incidence ®-20 scan from the optimised diffraction peak of (311) can fetch the
thin film intensity from (622) diffraction plane. The grazing exit ®-20 scan is

described in Figure 3.15 by using the diffraction geometry in reciprocal

lattice space and real space. During the scan the tip of scattered wave
vector K' moves along the -20 diffraction line (which is indicated by black

dotted line in the Figure 3.15) while the diffraction condition K' =K, =G is
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satisfied. K, is the incident wave vector and G is the reciprocal lattice vector
(G is shifted from the original position in the case of (622) planes of substrate
and thin film for clarity). The locus of the vertex of K and K traces a circle

called the diffractometer circle (see the points P, Q and R in the Figure 3.15).
Three diffraction conditions are identified in the Figure 3.15, as (i),(ii)
and (iii). In case (i) the diffraction condition for (311) plane of substrate is
satisfied with a Bragg angle 0;. In case (ii) the diffraction condition for (622)
plane of thin film, which lies in the ®-26 diffraction line, is satisfied with a
Bragg angle 0,. The difference between the Bragg angles 0; and 0, which is

AB1; is shown in the diffractometer circle. In case (iii) the diffraction condition

for (622) plane of substrate is shown with the Bragg angle 63. The difference

between 0y and 93, which is AB13 is also shown. All the three cases in the real

space diffraction geometry are also shown in the Figure 3.15

In the case of a fully strained system the (622) reciprocal lattice point
will no longer lie in the ®-20 diffraction line. Instead it will be radially shifted
to left or right side of the ®-20 diffraction line depending on the value of @y
which can be greater than or less than ®@s. In the case of Fe;04(100)/MgO(100)
system, the value @y is smaller than @, and therefore (622) reciprocal lattice
point shifts to the left side of the ®-20 diffraction line which is in the grazing
exit diffraction geometry. The (6-2-2) reciprocal lattice point will be shifted to
right side of the ®-20 diffraction line which is in the grazing incidence
diffraction geometry. This is represented in Figure 3.16.

In the grazing exit geometry, when the diffraction condition for (622)
planes of thin film is satisfied, the detector lags by 2A® and misses the thin
film intensity. This is shown in the Figure 3.17 (a) using the reciprocal lattice
space and (b) the real space diffraction geometry. Case (i) in Figure 3.17(a) and
(b) shows the diffraction condition for (311) planes of substrate and case (ii)
(with in red circle) shows the lagging of detector when diffraction condition for
622 planes of the thin film is satisfied. The angular rotation of sample stage
from the diffraction condition of substrate to the position where diffraction
condition of the thin film is satisfied is A@=A0-A® and is shown in the Figure
3:17 (a):

Figure 3.18 shows the case of grazing incidence diffraction geometry

(a) using the reciprocal lattice space and (b) the real space diffraction
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geometry. When the diffraction condition for (6-2-2) planes of the thin film is
satisfied, the detector leads by 2A® and misses the thin film intensity.

The case (i) in Figure 3.18 (a) and (b) shows the diffraction condition
for (3-1-1) planes of substrate and case (ii) (within red circle) shows the
leading of the detector when diffraction condition for (6-2-2) planes of thin
film is satisfied. The angular rotation of sample stage from the diffraction
condition of substrate to the position where diffraction condition of thin film is

satisfied is Aw=A0+A® and is shown in Figure 3.18 (a).

Ewald Sphere

AwGE=AO-AD <.

~ & @ & o—»Q”

0-2-2 0-1-1 000 011 022

i Defractometer circle

(a)

Detector 2

(b)

Figure 3.17. Representation of the grazing exit diffraction geometry for (311) planes
of substrate (case (i)) and (622) planes of thin film (case (ii)) in (a) reciprocal lattice
space and (b) real space. In case (ii) the detector lags by 2A® when the diffraction
condition for 622 planes of the thin film is satisfied.

From the above discussion it is clear that usual ®-20 scans will not

work in the case of asymmetric diffraction geometries of strained epitaxial thin
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film systems. From the Figure 3.17 it is clear that the case of grazing exit
diffraction geometry the detector has to move in a faster pace say, ‘ngg6’

instead of 20 (where ngg>2), from the diffraction condition of (311) planes of

substrate in order gather the thin film intensity from (622) planes.

©-20 scan',
AD " Q
ﬁ..-y‘. /"“.Z.A(D 1
Ewald Sphere Sty A,
@ ®
® ®
® ®
® ®
A0GEAB+AD]

(i) (i)

Figure 3.18. Representation of the grazing incidence diffraction geometry for (3-1-1)
planes of substrate (case (i)) and (6-2-2) planes of thin film (case (ii)) in (a) reciprocal
lattice space and (b) real space. In case (ii) the detector leads by 2A® when the
diffraction condition for 6-2-2 planes of thin film is satisfied.

Figure 3.18 indicates that the detector has to move in a slower pace say ‘ngi0’

instead of 20 (where ngi<2 ), from the diffraction condition of (3-1-1) planes

of substrate in order to get the thin film intensity from (6-2-2) planes. Now the
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prime task is to find the values of ngg and ng, and this is explained in the

following paragraph.

One way to find ngg and ngj is to perform a two dimensional intensity
mapping obtained by measuring a number of ®-20 scans along the reciprocal
lattice vector for (311) planes of substrate for different ® offsets which
eventually will include (622) reciprocal lattice point of the thin film (This is in
the GE diffraction geometry and if it done along (3-1-1) direction it will be in
GI diffraction geometry). This is represented in Figure 3.19(a) for GE and GI
diffraction geometries. The scan is called ‘reciprocal space map’(RSM) and in
Figure 3.19 (b) and (c) a typical contour plot of RSM in GE and GI diffraction
geometries are represented with @ along x axis and ®-20 along y axis. The

conversion of peak intensity position in reciprocal coordinates is given by [11]:

Q = %sinﬂcos(w— 0) (3.10)

Q, =%sin9cos(w— 0) (3.11)

From any of the RSM contour plots, approximate values of A0 and A® are
obtained. The values are further refined in the following way.

In GE (or GI) diffraction geometry the detector is moved by 2A0 from
the 311 (or 3-1-1) position and the sample stage is rotated by Awgeg=A0-AD
(A®ci=A0+A®), where AB and A® are the approximate values obtained from
the RSM. After this thin film peak is optimized for the maximum intensity and
two independent rocking curves of 20 and @ are performed (i.e the detector
moves while the sample stage is fixed and the sample stage rotates while
detector is fixed) on the thin film peak and substrate peak. The difference
between the detector positions at the thin film and substrate gives a more
accurate value of 2A0 and the difference between sample stage positions at the
thin film and substrate gives Awge =A0-A® (A®c=A0+A®). From these
optimized values we can calculate the values of ngg and ngp using the

following equations:

2A0
Ngg = A A (3.12)
2A0 3:13)

Ngp =————
A0+ AD
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Figure 3.19. (a) Representation of the grazing exit (GE) and incidence (GI) reciprocal
space mapping. (b) typical contour plot of reciprocal space map (w-w-28 scans) in GE
diffraction geometry and (c¢) in GI diffraction geometry.

“‘PeakSplit’” software supplied by Bede Scientific Instruments Ltd. can
perform a calculation of ngg and ngr by taking into account the strain present
in the system as determined from the measurement of a, and using a pre-
defined value of the Poisson ratio v (For Fe;O4, v= 0.3). The version of

PeakSplit used in the present work (PeakSplit Version 1.00 for Windows®)

supports calculations only for (100) orientated cubic structures. Therefore
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Figure 3.20. (a) Representation of the grazing exit (GE) and incidence (GI) diffraction
geometries for (311) and (3-1-1) planes of the substrate (case (i) and (iii)) and (622)
and (6-2-2) planes of the thin film (case (ii)and (iv)) in (a) reciprocal lattice space and
(b) real space during ®-n® scans.
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PeakSplit softwere was used in the case of (100) oriented samples and the
method explained above was used for other orientations like (110) to calculate
ngg and ngr.

Once the values of ngg and ngj are determined, the w-ngeg® and ®-ng0
asymmetric scans are performed from the respective substrate diffraction
positions (i.e. (311) for GE and (3-1-1) for GI). Diffraction geometries of -
nge0 and o-ng® asymmetric scans in reciprocal space are shown in Figure
3.20 (a). Various diffraction conditions at substrate and thin film are clearly
identified as (i), (ii), (iii) and (iv). Figure 3.20(b) represents all the cases in real
space diffraction geometries. Typical rocking curves obtained during ®-ngg6
and ®-ng® asymmetric scans are shown in Figure 3.21 (a) and (b). The
separation Amgg and Amgj are then used to calculate accurate values of A0 and
A® using following equations:

B AW + AW,
= 2

AB (3.14)

_Awg — A,
2

AD (3.15)

o i
i AWGE ; AW,

Intensity
Intensity

Subs:lrule Subaflrnle

Thin film

Thinfilm

W (degrees) W (degrees)

(a) (b)

Figure 3.21. Typical rocking curve for a asymmetrical ®-n0 scans for (a) grazing
exit (b) gracing incidence diffraction geometries.

The in-plane lattice constant a of the thin film is determined by

substituting A8 and A® in the following equation:

a..=as[ s, S, ] (3.16)

X
sin(6, +A8) "~ sin(®, + AD)
where ag is the substrate lattice constant, 8s and ®g are the substrate Bragg
angle and interplanar angle between the asymmetric sample plane and sample

surface.
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3.3.1.3 X-ray Reflectivity measurements

In the present work the X-ray reflectivity (XRR) technique is used for
the measurement of thickness of the thin films. Refraction and reflection are
two important optical phenomena and are described by Snell’s law and the
Fresnel equations. The X-ray reflectivity essentially consists of measuring the
reflected intensity of X-rays from a sample surface at near glancing incidence
[12]. Typical scattering geometry is shown in Figure 3.22. The incident angle
is equal to the reflected angle (0 = 6; = 0,) and is usually less than 6°. A brief

theoretical background for finding thickness from XRR is furnished below.
The refractive index of a medium in X-ray range can be written as [12]:
n=1-8-ip (3.17)
where 6 and P represent the dispersion and absorption terms, which can be

given by the expressions:

2
G= r;}‘ n, (3.18)
T

where ry is the Bohr atomic radius, A is the X ray wave length and n, is the

N
electron density given by n, = ZTAP (3.19)

where Z is the number of electrons per atom, N, is Avogadro’s number, A the
atomic weight and p density. Z is usually replaced with a complex atom form
factor f=f,+f +if =Z+ f +if . Theterm f +if is due to dispersion
and absorption and represents X-ray absorption edge. From these

considerations é and p can be represented as:

r A’ N
S=-0— (74 F]—L 3.20
2”( f) ~p (3.20)
r,A> ,N,
—f e pgat 3.21
B o g T (3.21)

Figure 3.22. Scattering geometry used in XRR measurements.
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The real part of refractive index n,1-9, is connected to the phase-lag

of the propagating wave and the imaginary part, B, corresponds to the decrease
of the wave amplitude. & and B are small positive quantities of order 10 to 10"
7 for X-ray wavelengths at about 1.5A [13]. Therefore from Equation (3.16) it
is clear that the refractive index is slightly less than 1 and the transmitted wave

will be refracted from the normal as shown in the Figure (3.23).

Figure 3.23. Reflection and refraction of X-rays incident upon a plane boundary
between mediums with refractive index n; and n,.

From Snell’s law:

n;cos6; = nycosOH; (3.22)
The critical angle O, is the angle at which X-ray will undergo total internal
reflection when propagating from a medium of high refractive index to a
medium of low refractive index. Considering the case of an absorption free
film (B = 0) and air (n;= 1) interface, the X-ray critical angle is given by:

cosO. =n, =1-9 3.23)
Expansion of cosine for small angles leads Equation (3.23) to

2

0
E=mcE =S 3.24
3 (3.24)
0. =28 (3.25)

For incident angles greater than 6. (6 > 6,) the X-ray beam penetrates
inside the film. Reflection therefore occurs at the top and the bottom surfaces

of the film. The interference between the rays reflected from the top and the



68
bottom of the film surfaces results in interference fringes as shown in Figure

(3.24).

n;

Substrate

(a) X
=
i7)
=
D
=

(b) w-degree N

Figure 3.24. (a) Reflection of X-rays from top and bottom surface of the thin film.
(b) Typical XRR spectrum from a homogeneous layer on a substrate.

The relation between the thickness t of the thin film and intensity

maxima positions 0y, is given by [13]

; 2m+1)h =2t./0%-25 (3.26)
;2m+ll 2t,/ -0; (3.27)

where m is an integer. Considering two neighbouring m and m+1maxima and

employing equation (3.27) we get:

;2m+1 A=2t,02-02 (3.28)
1(2m+3)x 2t Jar — (3.29)

Subtracting equation (3.28) from (3.29) gives
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1

A
t=— (3.30)
2| Jo2.,-02 -0z - 02
For 8y, >> 0. equation (3.30) becomes
t= L . = . 3:31)
2(0,,-0, 2 A0

where A8y, is the fringe spacing obtained from intensity oscillation during the
reflectivity measurements. The thickness is often determined with a precision
better than 1 A. The procedure for following the thickness measurement is
described below.

The alignment of the sample stage and detector with X-ray beam is very
important for the XRR measurements. This is achieved with the following
steps. At first 20 is calibrated for the zero position by bringing detector in line
with the incident X-ray beam for the maximum intensity and keeping the
sample stage far out of the beam by moving in the —ve z direction. After the
optimisation of 20, sample stage is brought in to the beam at a z position where
detector shows 20% of the maximum intensity i.e intensity without sample
stage. Then ® and y are optimised for the maximum and minimum intensity
respectively and calibrated to zero. The sample stage is moved out of the beam
by moving in the —ve z direction and brought to a position at which the detector
shows 50% of the maximum intensity. After this the detector is brought to a
position less than 0.8 degrees and sample stage is moved to a position at half
the value of the detector position. Then a ® rocking curve is performed by
moving sample stage with a fixed detector position. The maximum intensity
position of @ is calibrated to exactly half the value of detector position in the
case there is an offset. The sample stage and detector are moved back to the
zero position and a ®-20 scan is performed up to 2 degrees. The intensity
oscillations obtained are then analysed with the Bede PeakSplit software which

incorporates a utility for analysing such data.

3.3.1.4 Tilt Analysis or miscut angle measurement
The tilt or miscut angle of the sample can be measured using HRXRD.
Because of the miscut, the o positions at which diffraction is found vary as the

specimen is rotated about its surface normal (rotation of ¢). A detailed
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explanation of this is given during the description of symmetric scans (page
number 54) and Figure 3.11 (b) and (c) shows two extreme cases. The ®
positions for different positions of ¢ are optimised. A sine curve can be fitted
on the plot of peak positions obtained during ® scans against the corresponding
values of @. The miscut angle is the angle amplitude of the sine wave and the
position of ¢ for the maximum peak position gives the direction of the miscut.
The Bede PeakSplit software incorporates a utility for analysing such data. The
function used for the fitting is

o = o9+ a cos(@+offset) (3.32)
where a is the miscut of the substrate or layer and ‘offset’ is the direction of

the miscut.

3.3.1.5 Instrumentation details of HRXRD

The high resolution x-ray diffractometer used to perform all of the high
resolution x-ray diffraction (HRXRD) measurements in this work was a Bede
DI diffractometer. A schematic of the system layout is given in Figure 3.25,
while a photograph of the actual system is given in Figure 3.26. The entire
system was housed in a safety case with access to the relevant elements via an
assisted opening lid coupled to an interlock system. Essentially the system
comprise three main elements, the source stage, the sample stage and the

detector stage.

Detector

eam conditioner

X-Ray source

Figure 3.25. Schematic of the diffractometer layout. All of the angles of rotation as
described in the main text are outlined



Figure 3.26. Photograph of the components of the High Resolution X-Ray
Diffractometer. The sample stage, including the metal sample holder, and the detector
stage are visible. The safety lid (open) is also visible.

The source or beam stage was fixed to the system housing and
comprised all the beam conditioning mechanisms and the related optics
required to ensure a homogeneous X-ray beam of small angular dispersion. A
channel cut crystal acted as the beam conditioner in front of the X-ray source.
With correct optimisation of the source stage optics a sub-millimetre beam
could be achieved that maintained its integrity over long distances (~150 cm).
The x-rays were produced from a Cu Kal transition and had a wavelength of
1.5406 A. The intensity of the X-ray beam could be controlled via a system of
removable metal slits that could be placed in front of the source stage. The
relevance of this shall become apparent shortly.

The sample stage was a two part system with the main part mounted on
a moveable table that allowed it to move in three separate directions, as
indicated in Figure 3.10. The sample stage was completed by a removable
metal disk whose centre was marked via cross hairs etched into its surface.
The sample for analysis was mounted onto the metal disk using double sided
tape. The metal disk was magnetically coupled to the main sample stage. The

three angles of movement were denoted ®, @ and . The o angle was the angle
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through which the sample stage could move around the x-axis and it had a
range of ~ 90° with a resolution of 0.18 arcsecond. The ¢ angle was denoted
the rotation of the sample and referred to rotation of the sample around the z-
axis. It had a range of 280° and a resolution of (.18 arcsecond. The y angle
was denoted the tilt of the sample and referred to rotation of the sample around
the y-axis. It had a range of 40° and a resolution of 0.0025°. Adjustment of
these three parameters constituted alignment of the diffraction planes in
relation to the source x-ray beam.

The detector stage was also mounted on a moveable platform and was
also capable of rotation through a range of angles denoted 20. The detector
axis rotation range was 235° with a resolution of 0.18 arcsecond. The Bede D1
system was fitted with an Enhanced Dynamic Range detector (EDR detector)
with a dynamic range of 0.5 cps to 50 Mcps, though the best results were
obtained when the beam intensity was conditioned to give 250,000 cps. The
beam intensity could be controlled using the metal slits mentioned above. The
system was remotely controlled with all parameters chosen using the Bede
Control software provided with the system. All the analysis software was also
provided with the system. A channel cut crystal stage was positioned in front of
the detector (analyzer) to increase the resolution. The measurements which
utilise the channel cut crystal stage are called Triple axis scans and
measurements that don’t utilise channel cut crystal stage are called Double axis
scans. It was only possible to perform triple axis scans when the signal strength

was sufficiently strong.

3.3.2 Transmission electron microscopy (TEM)

Transmission electron microscopy is a powerful method for obtaining
information regarding microstructural defects such as dislocations, grain
boundaries, twin boundaries, anti phase boundaries through diffraction patterns
and images of the sample. The high energy electrons (100-300 KeV) used in
electron microscopy possess wavelengths of about 4 pm which is much smaller
than the wavelength of visible light (~500nm), and gives a much higher
resolution than an optical microscope. A lot of information can be gathered
from the sample by using an electron microscope since electrons have a much
stronger interaction with matter than either visible light or X-rays. More details

about TEM can be found in references [14] and [15]. In the following sections



73
a brief qualitative description of the TEM imaging methodology and

instrumentation details of the TEM used in the present work are given .

3.3.2.1 Imaging methodology

The main parts of TEM consist of a vacuum system, a high voltage
source and a column that consists of an electron gun, a condenser lens and
apertures, a specimen holder, an objective lens system and objective aperture
intermediate and projector lens systems and an image recording facility. The
vacuum in the column is maintained below 10 mbar using various pumps.
Schematic of the TEM imaging is shown in Figure 3.27.

The electrons emitted from a tungsten (W) filament are accelerated by
the high voltage source to an energy range of 200KeV. The accelerated
electrons are then collected and focused to the sample by the condenser lens
system. The condenser lens system provides control over the brightness of the
images. The focused electrons pass through the sample which is held in a
holder capable of providing specific diffraction conditions by tilting the sample
about two axes. The transmitted electrons then pass through the objective lens.
The objective lens is the key lens system which determines the ultimate
resolution of the instrument. All the lens systems used are electro-magnetic and
are subject to aberrations.

The electrons transmitted through the sample can either be diffracted or
scattered in the forward direction. This facilitates two modes of imaging by
selecting which electrons are used to make up the image and are called
diffraction mode and image mode. This is done using an objective aperture. In
diffraction mode the diffracted electrons from the sample pass through the
objective lens and are focussed in the back focal plane producing the
diffraction pattern. This is shown in Figure 3.27(a). A selected area diffraction
aperture is used to select electrons from a certain region such that the
diffraction pattern can be related to a specific area. Further magnification
occurs in the intermediate and projector lens system which also plays a crucial
role in determining whether a diffraction pattern or an image is formed. The
diffraction pattern formed in the back focal plane of the objective lens becomes
the object plane of the intermediate lens which further magnifies the diffraction

pattern [15]. The back focal plane of the intermediate lens becomes the object
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plane of the projector lens and the final pattern is formed on a screen or

photographic plate placed at the back focal plane of the projector lens.

In the image mode electrons from objective lens pass through an
objective aperture and the image formed at the image plane of objective lens
becomes the object plane of the intermediate lens and further magnification is

achieved. This is shown in Figure 3.27(b).The image plane of the intermediate

Electron source

i Accelerating voltage - ¢ L

e Condenser lens e

T Sample

Objective lens

Objectlve aperture bjective aperture

Back focal plane

Not used
SAD aperture Tmage plane SAD aperture
Not used
W Intermediate lens
Projector lens «G_—G_—_——
Diffracti
iffraction % Final image
pattern
Screen
(a) Diffraction mode (b) Image mode

Figure 3.27. Schematic of the operation of a transmission electron microscope in (a)
diffraction mode and (b) in image mode. Reproduced from [16].



75
lens forms the object plane for the projector lens and the final image is formed
on a screen or photographic plate placed at the image plane of the projector
lens. There are two main modes of imaging called bright field imaging and
dark field imaging. The electrons which are scattered by the sample in the
forward direction form the direct beam and this direct beam is used in
brightfield imaging. This is shown in Figure 3.28 (a). In bright field imaging
defects in the sample will scatter the direct beam and will appear as dark
features in the image. In dark field imaging, the diffracted beam or the
scattered electrons from the reflecting planes are used. This is shown in Figure
3.29 (b). The defects in the reflecting planes can reduce the scattered intensity

and thus forming dark features.

vyy Incident beam Incident beam y \
Reflecting plane Reflecting plane
Rhb. | Sample Sample [ “RRR

Objective lens

Direct beam Diffracted beam  Direct beam Diffracted beam

(a) Bright field imaging (b) Dark field imaging

Figure 3.28. Schematic of the two imaging modes (a) bright field imaging and (b)
dark field imaging. Reproduced from [16].

3.3.2.2 Instrumentation details

All TEM measurements of Fe;O4/MgOand Fe;04/MgAl,O4 presented
in this work were performed at Institut fiir Festkorperforschung,
Forschungszentrum Jillich GmbH, D-52425 Jiilich, Germany. Structural
defects were identified by conventional TEM using a Philips CM 20 electron
microscope with a side-entry double-tilt goniometer stage and an assortment of
specimen holders. This machine was able to operate between 80 and 200 kV in
the imaging mode. Diffraction modes include convergent beam diffraction for
three-dimensional structure information and micro-diffraction with a minimum

probe size of 20nm.
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High-resolution images were obtained with a Philips CM 200 electron
microscope, which was equipped with a CEOS double hexapole corrector.
Adjusting a negative spherical aberration constant, Cs, of -40 pm and using the
optimum overfocus setting of the objective lens of 12 nm resulted in a directly
interpretable  bright-atom contrast and in minimized, sub-Angstrom
delocalizations.[17]

In order for the electrons to pass through the sample, it has to be
electron transparent. Therefore the sample or the regions to be analyzed have to
be sufficiently thin (of the order of hundreds of nanometers) which of course
depends on energy of the incident electrons and the density of the sample. In
the present work mechanical thinning and Ar ion milling were applied to obtain

electron transparent areas within the TEM specimen.

3.3.3 Raman spectroscopy

Raman spectroscopy is an analytical technique based on detection of
scattered light from an irradiated sample. A small portion of the scattered light
exhibits a slight shift in wavelength due to molecular vibrations in the sample,
and this wavelength shift is used to analyze the sample. The interaction
between this light and the chemical bonds in the sample is known as the Raman
effect. Raman spectra of the different compounds may be used as fingerprints
to detect particular species [18,19]. The most common iron oxides and
hydroxides such as hematite (a-Fe,O3;), maghemite (y-Fe,Os), magnetite
(Fe;04) and goethite (a-FeOOH) possess characteristic Raman spectra which
are drastically different from each other [20]. In the present work, Raman
spectroscopy was used to ascertain the magnetite phase. A qualitative
description of the basic principles of Raman spectroscopy and instrumentation

details are given in the following sections.

3.3.3.1 Basic principles of Raman spectroscopy

When the sample is irradiated, most of the incident light is scattered at
the same wavelength. This "elastic" type of scattering is known as Rayleigh
scattering. However, a small fraction of the laser light will excite molecular
vibrations in the sample and will be inelastically scattered, or scattered at a

slightly different wavelength. The wavelength of the scattered photons can be
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higher or lower than the incident photons. This shift in the wavelength can be
detected and are expressed in wave numbers. The plot of intensity versus
wavelength shifts expressed in wave number (cm™) is called the Raman
spectrum. The spectral lines for higher wavelengths than the incident

wavelengths are called ‘Stokes lines’ and the spectral lines with lower

wavelengths are called ‘Anti-Stokes lines’. The Raman shift, R, in wave
numbers (cm™), is calculated using the following equation :
o 1 1

Av = - 3.33
" (3.33)

Incident ;" scattered

where A is in cm. When a photon is absorbed by a molecule in its
ground state, it is excited into a higher virtual energy state and then de-excited
to the first excited vibrational energy state. This process gives out a photon
with less energy or lower wavelength than the incident photon and forms
Stokes lines in the Raman spectrum. This is schematically represented in
Figure 3.29. The virtual electronic state is not generally a true electronic state
of the molecule but a composite function involving all possible states such as

rotational, vibrational, and electronic states [21].
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Figure 3.29. Energy level diagram for Raman scattering; (a) Stokes Raman scattering
(b) anti-Stokes Raman scattering.
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When a molecule in the first vibrational excited state absorbs the
incident photon, it will be excited into a virtual energy state and when it de-
excites to the ground state it emits a photon with higher energy or shorter
wavelength than the incident photon and contributes to the Anti-Stock lines in
the Raman spectrum. This is schematically represented in Figure 3.29.

At room temperature the thermal population of vibrational excited
states is low, although not zero. Therefore, the initial state of the molecule is
the ground state, and the scattered photon will have lower energy (longer
wavelength) than the exciting photon. This Stokes shifted scatter is what is
usually observed in Raman spectroscopy. Since the Raman spectrum reflects
the vibrational energy transitions, which essentially depends on the bonding
nature of the molecule, a lot of information regarding the molecular structure
can be acquired from the Raman spectrum. Some of the advantages of Raman
measurements are (a) no special sample preparation required, (b) relatively

quick process (c) compatible with aqueous solutions etc.

3.3.3.2 Instrumentation details of Raman spectrometer

a) white light h) Scattered laser beam from the sample
b) Shutter for white light i) Artion laser source

¢) CCD camera j) Monochromators

d) Bright light reflected from the sample k) Detector

¢) Mirros 1) Objective lens

f) Shutter for laser m) Sample

g) Incident laser beam n) Sample Holder

0) Vibration free table

Figure 3.30. Schematic representation of the Raman spectrometer.
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Room temperature Raman measurements were carried out using a
Rainshaw 1000 micro Raman system. A schematic diagram of Raman system
is given in the figure 3.30. The excitation wavelength used was 514.5nm from
an Ar" ion laser (Laser Physics Reliant 150 Select Multi-Line) with maximum
power of ~10mW (Although ~3mW power was used for the measurements in
order to avoid excessive heating). The laser beam was guided to an objective
lens of the Leica Microscope with a specific magnification (50X magnifying
objective lens focus the beam into a spot of about 1pum size) using a series of
mirrors as shown in the figure. The system was provided with a shutter ‘f” as
shown in the figure, capable of stopping the incoming and scattered laser beam
whenever required. The beam was focused on to the sample by moving the
sample holder ‘n” as shown in the figure, which was capable of moving in X, Y
and Z direction. The scattered laser from the sample was then guided to the
detector ‘k’ as shown in the figure, through monochromators ‘j’. A white light
source ‘a’ was provided for observing the sample using a CCD camera ‘c’.
This was used for the positioning of the sample to select the area of scattering.
The laser was isolated from falling on the sample using shutter ‘f* when ever
CCD camera was used and when laser light was on the white light was isolated
using shutter ‘b’. (The actual arrangement of the shutters differs from the
schematic). The whole unit was properly shielded (not shown in the figure) for
the laser and was mounted on a vibrational free table ‘o’. The Raman shifts

reported for commercial Fe;O4 powder are 670cm’’, 540cm™ and 308cm'1[20].

3.3.4 Vibrating sample magnetometer (VSM) and
Alternating gradient field magnetometer (AGFM)

There are many magnetometers devised for the characterisation of
magnetic materials, out of which only three different types of instruments are
widely used today. They are the Vibrating sample magnetometer (VSM),
Hysteresis meter (HM), and the Alternating gradient field magnetometer
(AGFM). In the present work only VSM and AGFM were used for the sample
characterisation. The VSM and AGFM are generally used to measure the
magnetic properties of materials as a function of magnetic field, temperature
and time. Basic theory of operation and details of the instruments used are

given in the following sections.
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3.3.4.1 Theory of operation
When a material is placed within a uniform magnetic field H, a
magnetic moment m will be induced in the sample. A plot of the magnetisation
M, which is the total magnetic moments aligned in the direction of field per
unit volume and applied field H is called hysteresis loop of the magnetic
material under study. A typical hysteresis loop of a ferromagnet with applied
field in the direction of easy axis is given the Figure 3.31. The magnetisation
M reaches saturation value called saturation magnetisation My at a certain
applied field. When the field is decreased to zero the sample still holds certain
value of magnetisation called the remanence M,. Increasing the field in
opposite direction will bring the magnetisation to zero at an applied field H,
which is called coercivity of the material. Further increase in the field will
saturate the moments in the applied field. The loop traced has a rectangular
shape and exhibits irreversible changes of magnetisation. The ratio of M;/Mj is
called squareness ratio (SQR) and is essentially a measure of how square the
hysteresis loop is. The hard axis loop is more linear and generally hysteresis

free i.e. the magnetisation is more or less reversible. The magnetisation

behaviour of the sample at different temperatures, T, can be understood by

M

A

Figure 3.31. A typical hysteresis loop of a ferromagnet with applied field H in the
direction of easy axis.
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tracing hysteresis loops at different temperatures or measuring the variation of
M with temperature T at a constant field H etc. A discussion on magnetisation
of Fe;O4 samples and its connection with magnetoresistance behaviour is given

in chapters 5 and 6.

As described in the preceding section 63.3.4, there exist many methods
for the measurement of magnetic moments. They can be divided into two
categories called (a) the inductive technique and (b) the force technique. The

detailed explanation is given in the following paragraphs.

(a) Inductive technique

In this technique the voltage induced by a changing flux is measured.
The most prevalent examples of magnetometers employing this technique are
the hysteresis meter (HM) and Vibrating sample magnetometer (VSM). Since
hysteresis meter is not used in the present work only the vibrating sample

magnetometer is explained.

Vibration unit

Sample holder

Figure 3.32. Schematic of a VSM measurement setup.

In a VSM generally an electromagnet is employed to provide the DC

magnetising field H (Super conducting magnets are used for generating higher
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fields). A sample is placed in between the sensing coils or detection coils
(which are suitably placed within the magnetic poles pieces of the
electromagnet) and is made to undergo sinusoidal motion i.e. mechanically
vibrated. The changing flux emanating from the vibrating magnetised sample
induces a signal voltage in the sensing coils. The output measurement displays
the magnetic moment M as a function of the field H. A schematic diagram of

VSM is shown in Figure 3.32.

(b) Force technique

In this technique the force exerted on a magnetised sample in a
magnetic field gradient is measured. The two main instruments based on this
principle are the Faraday balance and the Alternating gradient force
magnetometer (AGFM). Since faraday balance is not used in the present work,

operating principle of AGFM is only explained

Piezo Sensor

Piezoelectric
sample holder

Gradient coils

Figure 3.33. Schematic of a AGFM measurement setup.

In an AGFM, the sample is mounted on a piezoelectric transducer
which oscillates when the sample is subjected to an alternating magnetic field

gradient superimposed on the DC field of an electromagnet as shown in the
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Figure 3.33. The alternating field gradient exerts an alternating force on the
sample proportional to the magnitude of the gradient field and the magnetic
moment of the sample. The resulting deflection of the extension is transmitted
to the piezoelectric transducer. The output signal from the piezoelectric
element is synchronously detected at the operating frequency of the gradient
field. The signal developed by the piezoelectric element is greatly enhanced by
operating at or near the mechanical resonant frequency of the assembly.
Generally a built-in software function automatically determines the mechanical
resonance and sets the appropriate operating frequency for the sample under
study.

AGFM is a widely accepted technique in magnetic metrology because
of its high sensitivity. The sample size that can be used on the AGFM is
smaller in area compared with that of the VSM by a factor of 10 to 100
(typically 1 to Smm square for the AGFM compared with 6 to 10mm square for
the VSM). Therefore, the difference in the signal to noise ratio between the two
instruments is usually small. The only case where the AGFM has significantly
superior signal to noise ratio to a VSM is when one wants to measure only a
very small area sample with very small thickness (1-3nm) and very small
magnetisation. The piezoelectric sample holder of the AGFM is fragile and
expensive and must be operated at the resonance frequency of the sample
holder. Since the resonance frequency depends on the mass of the sample/
substrate combination, it is required to re-tune to the resonance frequency for
every new sample. If the magnetic moment is very low, then the automatic
tuning doesn’t work and the user has to do it manually. For AGFM the
measured moment is very sensitive to the sample placement due to the gradient
field and should be optimized for each sample. The AGFM is also very limited

in measuring samples with large magnetic moments.

3.3.4.2 Details of VSM and AGFM used in the present work

Magnetisation measurements were performed in a MicroMag™ Model
3900 VSM system and a MicroMag™ Model 2900 AGFM system
manufactured by Princeton Measurements Corporation USA, Model 3900.
VSM had high sensitivity (1pemu (or 10°A-m?) at 1 second per point), a fast
four-quadrant power supply and a 2 inch laboratory electromagnet with 1 Tesla

field. Precision X, Y, and Z translation stages permit fast and accurate sample
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placement. Anisotropy measurements are facilitated by a driver here that
provides continuous rotation about the Z-axis. Sample holders accommodate a
wide variety of thin films, solids, powders and liquids.

Actually the VSM and AGFM units were integrated into the same
magnet and control unit. It was able to interchange between the two
configurations, with out any complications, whenever required. The Model
2900AGFM system had extremely high sensitivity (10nemu (or 10"'A-m?)
rms-corresponding to less than 50pg of iron) and high speed of measurement
(100 ms per point). The system accommodates all types of samples (up to
5x5x2mm: 200mg mass): solids ultra thin films, powders liquids etc.

The VSM/AGFM unit was equipped with a LN2 (Liquid Nitrogen)
variable temperature cryostat and a high temperature furnace with fully
integrated temperature controller.The calibration of the VSM/AGFM system
was done with a Standard Reference Material® (SRM) 2853 Magnetic Moment
Standard- Yttrium Iron Garnet Sphere (YIG) supplied by National Institute of
Standards and Technology (NIST). The sensitivity of VSM system was 1 pemu
(10”A-m”) standard deviation (room temperature operation, 1s averaging time)
and for AGFM it was 10 nemu (IO'HA-mz) standard deviation (room

temperature operation, ls averaging time)

3.3.5 Electrical resistivity measurements

In this section, the experimental details of low temperature resistivity
and magnetoresistance measurements are given. The DC resistivity of the
sample was measured with a HP 34401A Multimeter, in the standard four
probe configuration. Electrical contacts were made on the sample using quick
drying silver paint (Agar scientific, Batch number 0294) and ultra thin copper
wire. The silver paint was diluted with Iso-Butyl-Methyl-Ketone (Agar
scientific, Batch number R1272).

The low temperature measurements were carried out using two closed
cycle refrigeration (CCR) systems (CTI-Cryogenics 8200 Compressor and
Cryodyne Cryocooler, which uses helium as the refrigerant), which are
identified here after as CCR 1 and CCR 2. A schematic of the CCR system is
given in Figure 3.34. The sample was mounted on a copper sample holder
using GE varnish (Oxford Scientific, which is a good thermal conductor but an

electrical insulator) and was attached to the cold finger of the cryocooler using
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brass screws in CCR 1 and directly screwed in to the cold finger in CCR 2 (for
CCR 1 and CCR 2 different types of sample holders were used). Then the cold
finger of the cryocooler was covered with a cylinder called the ‘radiation
shield” which was then covered with another cylinder called the ‘vacuum

shroud’.

Computer

Vacuum shroud

Compressor

Contact wires

Digital Multimeter

Vacuum pump

Figure 3.34. Schematic of the CCR Resistivity Measurement system. (not to scale).
(Magnet not shown)

The radiation shield provided better temperature stability while vacuum shroud
was used for achieving vacuum, with the aid of a rotary pump connected to the
system. Electrical connections were made to the multimeter via an electrical
feed-through. A relay circuit was also included in the connections to facilitate
measurement of up to three samples at a time.

The compressor supplies compressed He gas into the cryocooler and
there it expands using the heat supplied from the cold finger and eventually
reduces the temperature of the sample stage. The temperature of the sample
was controlled by a Lake Shore 330 Temperature Controller, which varied the

current in the heating wires wound near to the sample, to counter the cooling
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effect of the compressed helium from the compressor. The temperature of the
sample stage was monitored using a GaAlAs thermometer with an accuracy of
+0.05K. In this manner it was possible to set a fixed temperature or to ramp
the temperature with a constant rate, within the temperature range of 30 K to

300 K.

Figure 3.35. Photograph of the CCR 2 system in MR measurement configuration.
The measurement head is inserted into the permanent magnet.

The change in electrical resistance of a sample with the application of a

magnetic field is called magnetoresistance (MR) and is defined as:
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R(H) - R(0)
R(0)

MR % = (3.34)

For the measurement of magnetoresistance the cold finger (with
sample) was inserted in to a magnetic field. For CCR1, a Multimag (Model:
MM-2000-26.5-001) variable field permanent magnet (Magnetic Solutions Ltd,
Ireland) with a maximum field strength of 2 Tesla was used. Using this
magnet, it was possible to vary the strength of the field with an accuracy of
+1mTesla and orientation of the field with an accuracy of #0.1degree, in a
desired direction. Figure 3.35 shows the photograph of CCR1 with its sample
stage inserted in to the magnetic field produced by the variable field permanent
magnet.

For CCR 2, a 1 Tesla electromagnet (Bruker, Germany, Model:B-
E10V) was used for providing the magnetic field. In this system the field
orientation was fixed and therefore the sample stage along with the cryocooler
was rotaied in order to apply field in different directions of the sample. The
entire system of CCR1 and CCR 2 were computer controlled and both the R-T
and MR measurements were automated. Further details regarding the

measurements are furnished in the following chapters.
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It is always delightful when a great and beautiful idea proves to be
consonant with reality.
Einstein 1936



Chapter 4

Strain relaxation behaviour of (100)
oriented Fe;O4 thin films

4.1 Introduction

During epitaxial growth, the unit cell of a thin film can distort
due to elongation or compression of in-plane lattice constants in orthogonal
directions depending on the sign of the lattice mismatch. Then the epitaxial
system is said to be in a ‘strained state’. The strain state of a thin film also
depends on the differences in crystal structure symmetry between the film and
substrate. Theoretical models predict that epitaxial systems with smaller
mismatch will remain in a strained state until a critical film thickness (t¢) is
reached and thereafter it will undergo relaxation by generating misfit
dislocations [1]. The stoichiometry, strain, defect structure etc. are expected to
play a crucial role in determining the physical properties of the epitaxial layers
of Fe;Oy4 films.

MgO is an ideal substrate for epitaxy of magnetite (Fe3;O4) because the
difference in oxygen sub-lattice size of MgO and Fe;O4 gives a small lattice
mismatch of 0.33%. Consequently, there are many investigations dealing with
the growth of epitaxial thin films of Fe;O4 on MgO using a variety of
deposition techniques [2-7]. There are also a few reports concerning the growth
of Fe3O4 on MgAlL,Oy, sapphire, Si and GaAs substrates [[8-10]. It has been
noted previously [6] that the Fe;O4 films grown on MgO (100) show sluggish
strain relaxation behaviour, relaxing partially well above the critical thickness
of strain relaxation. Even for a thickness of 6.6 um the relaxation was partial.

However, no effort was made to understand the origin of this behaviour.
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There are two distinct forms of symmetry breaking in Fe;O4/MgO
hetero-epitaxy. The first one is due to the fact that the lattice parameter of MgO

is half that of Fe3O4 leading to disruption of translation symmetry. The other
one is due to the reason that Fe;Oy4 (ngm) crystal structure is lower in

symmetry than MgO (Fm3 m ).This leads to formation of antiphase boundaries
(APB) [2-7]. The details of formation of APBs are discussed in chapter 2.

MgAl,O4 has the normal spinel structure and the lattice constant is
0.80831 nm. In the normal spinel structure the Mg2+ and AI’* ions occupy the
tetrahedral and octahedral sites respectively. For Fe;04/MgAl,O4 system the
lattice mismatch is much greater (3.9%) and films are found to be relaxed in
agreement with the theoretical models. Since MgAl,O4 has the same spinel
type crystal structure and symmetry as that of Fe;Oy, formation of APBs are
not expected for the films grown on MgAl,O4. However, the presence of APBs
in Fe304/MgAl,O4 system has been reported [11].

The differences in crystal structure and symmetry of the MgO and
MgAl,Oy4 substrates with Fe;O4 prompted us to look at the strain relaxation
behaviour of Fe;O4 film on them which will essentially provide information
about the role of crystal structure symmetry difference on the strain relaxation
behaviour. This information will be very useful in the design of future spin
electronic devices and nano-structures based on magnetite.

In this chapter we present the details of our investigations on
anomalous strain relaxation behaviour of (100) oriented Fe;Oy4 films grown on
MgO (100) and non-anomalous strain relaxation behaviour of (100) oriented

Fe304 films grown on MgAl,O4 (100) substrates.

4.2. Experiment

The Fe;Oy4 thin films (thickness: 45-700nm) used in the present study
were grown on (100) oriented MgO and MgAl,O, single crystal substrates (cut

along <100> direction within +0.5°) using oxygen plasma assisted molecular

beam epitaxy, MBE, system (DCA MBE M600) with a base pressure 2x10°

"“Torr. The substrates were cleaned in-situ at 600° C in 5x10°Torr oxygen for
two hours. Growth of the Fe;O4 films was carried out at a substrate temperature
of 250°C from a pure metallic Fe source by means of electron beam

evaporation and oxygen free radicals generated by the electron cyclotron
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resonance (ECR) plasma source. The plasma source was operated at 80 W
power in an oxygen partial pressure of 1x10” Torr. Reflection high energy
electron diffraction, RHEED, (STAIB Instruments) was used to monitor the
growth mode and growth rate (0.3 Ass).

Magnetization measurements were performed using an alternating
gradient field magnetometer (Micromag-3900, Princeton Measurements, USA)
with a sensitivity of 10® emu (10'“A-m2). The magnetization verses field (M-
H) loops were measured at room temperature by applying the magnetic field
(maximum field of 10kOe) in the film plane along the <100> direction. The
diamagnetic contribution from the MgO substrate was subtracted from the
measured data by performing a M-H loop of the MgO substrate of similar
dimensions as that of thin film sample, in the same field range. The uncertainty
in measuring the absolute value of magnetization for the films was about 1 %.
Room temperature Raman spectroscopy was performed in the backscattering
configuration using Rainshaw 1000 Micro Raman system. The Ar® ion laser
(514.5 nm) was used for the Raman measurements.

Structural characterization of Fe;Oy thin films was done using a multi-
crystal high-resolution x-ray diffractometer, HRXRD (Bede-DI1, Bede, UK).
The HRXRD in double or triple axis configuration was performed to confirm
the epitaxial relationship of the Fe;O4/MgO and Fe;O4/MgAl,O4 hetero-
epitaxy. The in-plane (a;) and out-of-plane (a;) lattice parameters were
determined from the analysis of ®-20 scans measured around the symmetric
(200) and asymmetric (311) diffraction planes common to the substrate and
thin film.

To study the coherency of the thin film-substrate interface and the
morphology of the APBs transmission electron microscopy (TEM) was
employed using cross-sectional and plan view samples. Mechanical thinning
and Ar ion milling was applied to obtain electron transparent areas within the
TEM specimen. Structural defects were identified by conventional TEM using
a Philips CM 20 electron microscope operated at 200 kV. High-resolution
images were obtained with a Philips CM 200 electron microscope, which was

equipped with a CEOS double hexapole corrector.
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4.3 Results and discussion

4.3.1 Studies on Fe;O4 (100)/MgO (100) system
4.3.1.1 RHEED measurements

Reflection high energy electron diffraction, was used to monitor the

growth mode and growth rate.

(01) MgO
(01) MgoO
(07) Fe,0,
(00) MgO
(01) Fe,0,
(01) MgoO

&g (00) MgO

(@) (b)

Figure 4.1 RHEED pattern of (a) MgO substrate and (b) 70 nm thick Fe;O, film
along the (100) azimuth.

Figure 4.1(a) shows the RHEED pattern of the MgO (100) single
crystalline substrate measured along the <100> azimuth after following the
cleaning procedure described in the experimental section. It shows vertical
lattice rods and radial Kikuchi lines indicative of well ordered and flat surface.
After the growth of two monolayers (ML) of iron oxide thin films, half order
lattice rods appear in the RHEED pattern located in the middle of lattice rods
corresponding to MgO, indicating the formation of Fe3;Os. Figure. 4.1(b) shows
the RHEED pattern of a 70 nm thick Fe;O4 thin film measured along the
<100> azimuth. The lattice constant of magnetite as determined from RHEED
images is 8.4 +0.1 A. The appearance of half order streaks is accompanied by
the oscillations in the intensity of specularly reflected beam. The RHEED
patterns were similar for all other film thicknesses. Period of oscillation
corresponds to the growth rate 0.3 A/s and confirms that the film growth occurs
in a layer-by-layer mode. Figure 4.2 shows RHEED intensity oscillations

corresponding to a growth rate of 0.3 Ass. Within the window of growth
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conditions, we never observed the formation of any iron oxide phase (FeO and

v-Fe,O3) other than magnetite.

Intensity (arbitrary units)

t (sec)

Figure 4.2 RHEED intensity oscillations observed during the growth of Fe304 film
on MgO substrate which gives a growth rate of 0.3 A/s.

4.3.1.2 Raman spectroscopy

Room temperature Raman spectroscopy was performed in order to
ascertain the Fe;O4 phase. The excitation wavelength used was 514.5nm from
an Ar” ion laser (Laser Physics Reliant 150 Select Multi-Line) with maximum
power of ~10mW (Although ~3mW power was used for the measurements in
order to avoid excessive heating and oxidation). The laser beam was guided to
an objective lens of the Leica Microscope with a specific magnification (50X
magnifying objective lens focus the beam into a spot of about 1pum size).

The magnetite thin films grown on MgO (100) substrate showed Raman

shifts corresponding to Fe;O, phase at 662.82, 533.70 and 302.63 cm—1
(i-0.0lcm'l) wave numbers. The FWHM of the most intense Raman peaks
were 33.79, 34.19, 33.92, 33.91 and 36.47 for 70, 120, 200, 400 and 700nm,
respectively. No Raman peaks corresponding to the other iron oxide phases
were present. The Raman bands are shifted to lower wave number position in
comparison with the values observed for bulk single crystal of Fe;O4 (which
are 670, 540 and 308 cm™) and are representative of in-plane tensile strain
[12]. Raman measurements therefore confirm that films grown have magnetite
phase and indicates the presence of strain within the film. Figure 4.3 shows
Raman shifts observed for Fe;O4 films having various thicknesses grown on

MgO substrate and the results are tabulated in Table.4.1.
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Figure 4.3 Raman shifts observed for Fe;O, films having various thicknesses grown
on MgO substrate. Curves are shifted on the vertical axis for clarity.

Sample Raman Shift (cm™)
(0.01cm™)
Bulk FesO4 | 670 | 540 | 308
70 nm Fe;04 | 662.8 | 533.7 | 302.6
120 nm Fe;O4 | 662.8 | 533.7 | 302.6
200 nm Fe3;O4 | 662.8 | 533.7 | 302.6
400 nm Fe;04 | 662.8 | 533.7 | 302.6
700 nm Fe;O4 | 662.8 | 533.7 | 302.6

Table 4.1 Raman shifts observed for Fe;O, films having various thicknesses grown on
MgO substrate.

4.3.1.3 Magnetization measurements

Magnetization measurements on different thickness magnetite films
showed that it was possible to saturate the films of thickness greater than 120
nm with a moderate magnetic field (5-8 kOe). The saturation magnetization,

Mg, measured at room temperature for the Fe;Oy4 films (>120 nm) on MgO
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Figure 4.4 Magnetization curve obtained for 700 nm epitaxial magnetite
film grown on MgO substrate.

Sample Thickness Ms
(nm) (10kOe)
x10°(A/m)
45 468
120 472
Fe;04/MgO 200 475
400 473
700 475

Table 4.2 Summary of the magnetization (M) at 10kOe field for the epitaxial
magnetite films as a function of film thickness.

substrates was found to be 475x10°A/m within the experimental uncertainty of
1%, which includes the error in thin film volume estimate. The observed
values of Mg are in agreement with the Mg value for bulk magnetite
(480><103A/m). For smaller thickness films, the magnetization (M) values
attained for a 10 kOe field were lower than the saturation magnetization (Ms)

of bulk magnetite, displaying a finite slope at higher fields. The observation of
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a reduced M and the inability to saturate epitaxial Fe;O, films has been
attributed to the presence of APBs [6,7]. An increase in M and a reduction in
slope of the M-H curves at higher fields with increasing thickness suggests an
increase in separation between the APBs. The magnetization results are in line
with previous reports [6,7]. Figure 4.4 shows the magnetization curve obtained
for a 700 nm film and the results obtained from films with various thicknesses
are summarised in Table 4.2.
4.3.1.4 Resistivity measurements
In addition to the magnetization measurements, resistivity as a function
of temperature was investigated in these films. Resistivity values for these
films measured at 300 K were found to decrease with an increase in thickness.

For film thickness above 120 nm, the resistivity values didn’t show much

variation.
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Figure 4.5 Verwey transition observed for Fe;O, films having various thicknesses
grown on MgO substrate.

The Verwey transition temperature for these films was found to be thickness
dependent; being 108 K (+£0.5K) for the 45 nm film and 120 K (£0.5K) for the
700 nm film. Figure 4.5 shows Verwey transition observed in films with

various thicknesses. Since Verwey transition is very sensitive to the Fe;O4 film
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Sample Thickness Resitivity at Verwey
(nm) 300 K Transition
(Ohm-cm) Temperature (K)
45 0.015 108.0
70 0.0100 114.0
Fe;04/MgO 120 0.0071 117:5
200 0.0069 118.2
400 0.0068 120.0
700 0.0069 120.5

Table 4.3 Summary of the resistivity values at 300K and Verwey transition
temperatures observed for the epitaxial magnetite films as a function of film thickness.

stoichiometry (see chapter 2), the observation of Verwey transition confirms
that the films are stoichiometric. The enhancement in resistivity with reduction
in film thickness is due to a decrease in APB domain size or increase in APB
density with reduction in thickness [13]. The resistivity results also support our
conclusion that the separation between the APBs in Fe;O4/MgO films is
thickness dependent and it increases with an increase in film thickness. The

resistivity results are summarized in Table 4.3.

4.3.1.5 HRXRD measurements

Figure.4.6 shows the ®-20 scans (measured in triple-axis configuration
at room temperature) for the (200) and (400) symmetric Bragg reflections of
MgO and film respectively for different thickness (70-700 nm) Fe3;Oy films.

The horizontal axis in the figure is shown with reference to the Bragg
angle of the (200) reflection for MgO substrate. The curves are shifted along
the vertical axis for clarity. The bottom and top most curves belong to 70 nm
and 700 nm thickness respectively. The full width at half of maximum
(FWHM) of the film peak decreases with increasing film thickness, up to a
thickness of 200 nm, and remains constant for further increase in thickness.
The FWHM for film peak was found to be 0.03 to 0.015° for 70 nm and 700
nm thick films respectively. The FWHM for the film peaks are comparable to
that of the substrate (0.008-0.009°). The value of a; for the Fe;O, thin films

was determined from the separation of film-substrate peaks (0.14605°) and was
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found to be 0.83717 nm within the experimental accuracy (£0.00005 nm).
Independent w-rocking curves for film and substrate peaks indicated that the

mosaic spread in the Fe;O4 thin films was comparable to that of the substrate.
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Figure 4.6 The ®-26 scans for Fe;O, films with different thickness on MgO (100)
substrates, measured for symmetric (200) Bragg reflection common to substrate and
thin film. Curves a, b, ¢ and d corresponds to 70, 200, 400 and 700 nm film thickness
respectively. Curves are shifted on the vertical axis for clarity.

The @-n® (n=5.18) scans (measured in double axis configuration at
room temperature) for the (311) asymmetric Bragg reflection of MgO which is
common to the (622) reflection of the Fe;O4 film, in grazing exit geometry
(0=62.5685, 26=74.6582), are shown in Figure.4.7. A value other than 2 of
the angular ratio 26/® was required to detect the thin film peak through a
single @-nO scan. This is due to the reason that the position of reciprocal lattice
point, RLP, of thin film in the reciprocal space is not in a straight line with
substrate RLP position due to the strain tilt. Detailed explanation of this point
is given in chapter 3, section 3.3. In addition to grazing exit (GE) geometry,
asymmetric scans were also performed using a grazing incidence (GI)
geometry. From the analysis of GE and GI asymmetric scans we obtained the
in-plane and out-of-plane lattice parameters of the films. FWHM of the film
peaks were found to be 0.025, 0.16, 0.158 and 0.158° for 70, 200, 400 and 700
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nm thickness films respectively. The aj| was found to be 0.8426 nm for all the
films, within the experimental accuracy, exactly twice the substrate lattice
constant. The values of a; are consistent with the values estimated through

independent symmetric ®-260 scans.

3
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Figure 4.7. The ®-nB scans for Fe;O,4 films with different thickness on MgO (100)
substrates, measured for asymmetric (311) Bragg reflections common to substrate and
thin film. Curves a, b, ¢ and d corresponds to 70, 200, 400 and 700 nm film thickness
respectively. For asymmetric (311) Bragg reflection measurements, the grazing exit
geometry was used. Curves are shifted on the vertical axis for clarity.

A representative two-dimensional contour plot of x-ray diffraction
intensity as a function of reciprocal lattice vectors Q(x) and Q(z) for the 700
nm thick Fe;O4 film on MgO performed around the (200)/(400) Bragg
reflection is shown in Figure 4.8. The reciprocal lattice vectors Q(x) and Q(z)
represent the in-plane (110) and out-of-plane (100) directions respectively. The
position of intense substrate peak is adjusted to the bulk MgO (a=0.4213 nm)
position. The strong sharp peak corresponds to (200) reciprocal lattice point
(RLP) of MgO and other weaker one at higher Q(z) position corresponds to the
(400) RLP of Fe;04 thin film. Both the substrate and thin film RLPs show a
broadening along the Q(x) direction which is indicative of mosaic spread in the

MgO crystal. The mosaic spread in the Fe;Oy4 thin film is comparable to that of
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the substrate. The value of a, for the Fe;O, thin film determined from the film
peak position along Q(z) direction in the RSM and film-substrate peak

separation (0.14605°) from independent @-20 scan is 0.83717 nm.
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Figure.4.8 Reciprocal space map of 700 nm thick Fe;O,4 film on MgO measured for
symmetric (200)/(400) Bragg reflections common to substrate and thin film.

The HR-XRD results show that the films grown on MgO remain fully
coherent up to 700 nm thickness on the MgO (100) substrate. This was the
largest thickness we could grow with the MBE due to the small growth rate
(0.3 A/s) used. Moreover, we were concerned with growing films under
identical conditions to make sure that there were no variations in the film

quality that could complicate the comparison of the strain relaxation behaviour.
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From the detailed structural characterization, we infer that the films
grown on MgO substrates remains fully coherent up to 700 nm thickness. The
lack of strain relaxation in Fe;O4/MgO up to 700 nm thickness is a totally
unexpected result. For Fe;O4 films on MgO (100) we expected a significant
amount of strain relaxation at a thickness of 700 nm, which is much greater
than the estimated value of critical thickness, t., (60 nm) for strain relaxation
on the basis of widely used Mathew and Blakeslee’s (M-B) model [1], details

of which is given in the discussion part.

4.3.1.6 TEM Studies

To check the coherency of the interface we performed TEM studies on
Fe;0y4 films. Figure 4.9 shows a cross-sectional TEM bright field image of a
Fe3;04~MgO interface. According to the (220) two beam imaging conditions
chosen, APBs are characterized by distinct contrast fluctuations. The network
of APBs is observed to be denser close to the interface. The typical separation
between APBs within the upper part of the film is about 100 nm. This is also
confirmed by the plan-view image, which shows the upper part of the film
(Figure 4.10 and figure 4.11). Again (220) two beam imaging conditions were
applied to visualize the APBs. Due to their inclination towards the electron
beam, some of the APBs display fringe contrast. Apart from the APBs no
structural defects, such as dislocations were observed, no matter which imaging
condition was chosen. The high resolution electron micrograph (Figure 4.12)
displays the interface between the MgO substrate and the Fe;O4 film. White
atom contrast was obtained according to the negative Cs imaging conditions

chosen. The interface was observed to be completely coherent.

The network of APBs is formed during the coalescence of the initial
spinel nuclei [2,3,6]. While the oxygen sublattice of different islands coalesces
without forming any defects, various arrangements of cations in the spinel
islands result in the formation of APBs. In our case, the systematic variation of
separation between APBs, across the film thickness is contrary to previous
reports[3,13]. Earlier reports suggested that the separation between APBs
increases with film thickness and is uniform for a given thickness. However,
the results reported by them [3,13] refer to a plan-view configuration;
therefore, the information related to the size in the growth direction is not

accessible. The size evolution of structurally shifted domains is not an
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uncommon feature and has been reported previously by other researchers for

the case of GaAs/Si and GaAs/GaAs [14,15].

MgO 100 nm

Figure.4.9. Cross-sectional TEM image of 400 nm Fe;O0,/MgO recorded under two
beam conditions for (2-20) spinel diffraction showing the presence of APBs in the
Fe;O, film.

(b) 250 0m

Figure.4.10. Plan- view bright field electron micrograph taken with (220) two beam
imaging conditions showing the network of APBs in a (a) 200 nm and (b) 700nm
Fe;0, film grown on MgO substrate.
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Figure.4.11. Plan- view bright field electron micrograph taken with (220) two beam
imaging conditions showing the network of APBs in a 400 nm Fe;O, film grown on
MgO substrate.

Figure.4.12. High resolution cross-section TEM image of 400 nm Fe;04/MgO in
(100) orientation taken with a Cs=-40um and at overfocus. Accordingly, white atom
contrast is obtained. Arrows mark the Fe;0,-MgO interface.
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The driving force for the reduction of the density of APBs can be the
minimization of the total energy which implies a minimization of the APB
area. Another possibility to explain the size evolution is the fusion of two

APBs on different <110> planes, e.g. if two APBs grow along <011> and

<011> direction, they may merge at some thickness depending on their

separation at the point of nucleation.

4.3.1.7 Discussion

In order to look at the anomalous strain relaxation behaviour of
Fe;04/MgO heteroepitaxy, it is important to furnish the details of critical
thickness, t., prediction for this system. At thermodynamic equilibrium, misfit
dislocations appear at the interface of strained layer heterostructure when the
strained layer is thick enough that it is energetically favourable for the
mismatch to be accommodated by a combination of elastic strain and
interfacial misfit dislocations [16,17]. There are many reports on calculations
and discussions of the equilibrium critical thickness t. [1,17-21]. One of the

widely accepted models is Matthews and Blakeslee (MB) model [1].
MB model is formulated by considering the two important forces acting

on the dislocation lines which are F, and F; as shown in the figure 4.13. F is

the force exerted by the misfit strain and Fj is the tension in the dislocation line.

Their analysis shows that, in the case of layers A and B whose elastic constants
are equal and isotropic, and also thickness of the layers ta= tg_then there arises

three possible geometries of dislocations as indicated in the figure 4.13 as (a),

(b) and (c¢).

Figure. 4.13. Three possible dislocation geometries in multilayers. (a) coherent (b)
critical (¢) incoherent. Reproduced from [1]
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The dislocation geometry (a) corresponds to the coherent case where F,

max (the maximum value of F; ) is less than 2 F; , (b) corresponds to the
critical case where F; nax = 2 Fi and (c¢) corresponds to the incoherent case

where F; nax > 2 F) . The critical thickness at which F; ;35 = 2F) is given as:

pladia e [nn(‘—f)n] @.1)
47 (1+v)e b

Where b is the Burger vector, e is the misfit strain ( e = (arg-as)/as , arr and ag
being the film and substrate lattice parameters) and v is the Poisson ratio. The
MB model was refined by Fischer, Kuhne and Richter (FKR), by taking into
consideration the interaction between dislocations employing the image force
approach [16]. Critical thickness t. estimated using the approach yields better
agreement with the observed results. The critical thickness given by this model

IS :

Y

t
t, = it 1+In| = —42 (4.2)
e b )| 47 (1+ v)cos’h

where A is the angle between the Burger vector and the direction in the
interface normal to the dislocation line. By using the experimentally obtained
value of v = 0.30 (estimated by measuring a; and a; from the asymmetric
Bragg reflection performed in grazing exit and grazing incidence geometries)
and Burger vector values of 0.59580 nm, this model gives a value of t. of 70

nm for the Fe;04 /MgO system. Figure 4.14 shows the calculated equilibrium

in-plane strain, g,

_ Ape,0,1F ~ Ape,0,bulk

g, = (4.3)

AFe,0,bulk

using the FKR-model for Fe;Oy films on MgO as a function of thickness along

with the measured experimental data.

It is evident from this figure that the observed and calculated values are
not in agreement. For Fe;04/MgO hetero-epitaxy, no relaxation is observed up

to 700 nm. This thickness is about an order of magnitude larger than predicted
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by the FKR model. In an earlier study, Margulies et al [6] have mentioned
about the partial relaxation of strain in films much thicker than the critical
thickness of strain relaxation. Even at 6.6 um thickness the films do not exhibit
fully relaxed state. Although, they noticed this feature, the issue of anomalous
strain relaxation behaviour was not addressed, as this was not the main focus of
their investigations. Kale et al [9] explained some of the anomalous features
observed in the magnetic properties of Fe;O4 films on MgO and MgAl,O4
substrates on the basis of critical thickness calculations. It was not clear from
their investigations that whether the Fe;04/MgO films did exhibit anomalous or
normal strain relaxation behaviour as no details on the structural

characterization was provided.
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Figure.4.14 Comparison of experimentally observed values of the in-plane strain, g,
with the FKR model predictions for the Fe;O, films grown on MgO (100) substrates
as a function of thickness. The solid line is the theoretical prediction and scattered
points are experimentally observed values.

In order to understand the driving force that enables the film to
maintain this large amount of elastic energy in Fe;04/MgO hetero-epitaxy, we
need to analyse the crystal structure differences between MgO and Fe;O4. One
could suggest that the structure of Fe;O4 accommodates the strain by deviation
from stoichiometry. Such deviations should result in a lattice constant change.
However, this explanation has to be discarded due to the fact that the volume
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