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Summary
The strain relaxation and magneto transport properties of epitaxial 

magnetite (Fe304) thin films were studied. Epitaxial Fe304 films were grown 

on MgO and MgAl204 substrates using an Oxygen plasm a assisted M olecular 

beam epitaxy (M BE) system. Characterisation of the films were done using 

techniques such as Reflection high energy electron diffraction (RHEED), High 

resolution X-ray diffractom eter (HRXRD), Vibrating sam ple magnetom eter 

(VSM), Low tem perature resistivity m easurem ents, and Ram an Spectroscopy. 

Our studies on strain relaxation behaviour of epitaxial Fea04 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, tc, (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 Fe304 films grown on M gA h04 ( 100). The 

observed anomalous strain relaxation behaviour is attributed to the presence of 

antiphase boundaries (APBs) which lead to the form ation o f areas within the 

film that have opposite sign o f stress. The stress com pensation by the APBs 

reduces the effective stress experienced by the films. Even though APBs are 

not expected in Fe304 films grown on MgAl204, TEM  studies revealed the 

presence of APBs. We suggest that these APBs are form ed not because of 

symmetry difference but because of the staking faults generated by strain 

relaxation due to the large m ismatch between the thin film and substrate.

The m agnetoresistance (MR) behaviour o f epitaxial Fe304 film grown 

on low-vicinal (low miscut) and high-vicinal (high miscut) M gO substrates is 

compared. The M R is significantly higher ( 12.2% at 2 Tesla) for a 45 nm 

Fe304 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 M R is observed in 

correlation with the direction of the atomic step edges. The observed 

modification in the m agneto-transport behaviour of epitaxial Fe304 films is 

attributed to an enhanced spin scattering arising due to the presence of atomic 

height steps that lead to the form ation of a greater density of 

antiferrom agnetically coupled APBs. The effect o f pre deposition annealing 

duration of vicinal substrates on MR properties of the Fe304 film s was studied.
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Our results suggest that substrate annealing m odifies the surface properties 

which in turn affects the density o f  A PB.

A  detailed study o f  the crystallographic direction dependence o f MR in 

F e304  (110) film s o f  different thickness grown on M gO (110) substrates were 

performed. Structural characterisation revealed that the film s were epitaxial 

and partially strain relaxed. MR studies as a function o f  temperature and 

thickness on these film s reveal that the field dependency o f  MR shows

drastically different features when measured along the < 110> and < 001 > 

directions. M R m easurement along th e<  001 >direction showed 9.5% MR at 

Tv (116K ) with 1 Tesla field and show ed 4% M R when measured along 

< 110 > direction for a 200nm  film. The MR observed at Ty along the < 001 > 

direction is very high compared to MR values reported for Fe304  film s at 1 

Tesla field with the exception o f  film s deposited on vicinal M gO substrates. To 

explain the large M R anisotropy, w e proposed three different mechanism s. The 

first one is related to the crystallographic directional dependents on the 

formation o f  strong antiferrom agnetically coupled A PBs due to the difference 

in the sym metry between the film  and substrate. The second one is related to 

the formation o f  A PBs induced by the m isfit dislocations (M D s). Our analysis 

showed a greater probability for the formation o f  A PBs along < 0 0 1> direction  

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

these highly dense antiferrom agnetically coupled A PBs formed along < 0 0 1> 

direction compared t o < 1 1 0 >  direction could be one o f  the reasons for the 

observed M R anisotropy. Another m echanism  proposed for the observed MR  

anisotropy is related to the strain induced m odification o f the band structure o f  

Fe304  film s. Band structure calculations reported for strained and unstrained 

m agnetite thin film s show s that, the half-m etallic behaviour o f  the cubic 

m agnetite 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 o f  antiferrom agnetically coupled APB formed due to strain 

relaxation induced m isfit dislocations could be another reason for the

enhancem ent o f  MR observed in the < 0 0 1> direction compared to the < 110 > 

direction. In conclusion our studies reveal that the strain relaxation and 

magnetotransport properties o f  Pe304  thin film s are strongly related to the 

formation o f  antiphase boundaries within the film.



Publications
“Anomalous strain relaxation behaviour of Fe304/Mg0  (100) hetero- 

epitaxial system grown using molecular beam epitaxy”

S.K. Arora, R.G.S. Sofin, I.V. Shvets and M. Luysberg, J. Appl. Phys 100 

073908 (2006)

“Influence of substrate pre-deposition annealing on step edges induced 

magnetoresistance in epitaxial magnetite films grown on vicinal MgO 

(100) substrates”

R.G.S Sofin, S K Arora and I.V Shvets, J. Magn. Magn. Mater, 316, e969 

(2007)

“Study of magnetoresistance of epitaxial magnetite films grown on 

vicinal MgO (100) substrate”

R.G.S Sofin, S K Arora and I.V Shvets. J. Appl. Phys 97 (10); 10D315 

(2005)

“Magnetoresistance enhancement in epitaxial magnetite films grown 

on vicinal substrates”

S K Arora, R.G.S Sofin and I.V Shvets, Phys. Rev. B, 72, 134404 (2005)

“Influence of antiphase boundary density on the conduction noise 

properties of epitaxial magnetite thin films”

S.K Arora, R.G.S Sofin I.V. Shvets. R.Kumar, M.W.Khan,J.P. Srivastava, 

J. Appl. Phys 97 (10), 10C310 (2005)

“Antiphase boundaries-induced exchange coupling in epitaxial Fc304 

thin films”

S.K Arora, R.G. S Sofin, A. Nolan and I.V. Shvets. J.Magn. Magn. 

Mater.286, 463-467 (2005)



“Swift heavy ion irradiation-induced modifications in structural, 

magnetic and electrical transport properties of epitaxial magnetite thin 

films”

R. Kumar, M.W. Khan, J.P Srivastava , S.K Arora, R.G.S. Sofin, R. J 

Choudhary and I. V Shvets. J. Appl. Phys, 100 (3), 033703 (2006)

“Anisotropy of magnetoresistance in epitaxial Fe3 0 4  (110) films grown 

on MgO (110) substrates”

R.G.S Sofin, S K Arora and I.V Shvets, communicated

“Strain relaxation and magnetotransport properties of (110) oriented 

Fe3 0 4  films deposited on MgO (110) substrates”

R.G.S Sofin, S K Arora and I.V Shvets, in preparation.

“Formation of strain induced antiphase boundaries in FesOa films 

grown on MgAl2 0 4 (1 0 0 ) substrates”

R.G.S Sofin, S K Arora and I.V Shvets, in preparation.

Patents
“Magnetoresistive medium including nanowires” I.V Shvets, S K Arora 

and R.G.S Sofin. United States Patent Application No 20050264958



List of abbreviations
A -  atomic weigiit 

A FM  -antiferrom agnetic

A G FM - alternating gradient field m agnetom eter 

a -  lattice constant

A M R - anisotropic magneto resistance 

APB - antiphase boundaries 

DW s- Domain walls

D W M R - domain wall magnetoresistance

FM - ferromagnetic

FW H M - full width at half maximum

G -  reciprocal lattice vector

G M R - giant m agnetoresistance 

HA-anisotropy field 

H M F M  - H alf metallic ferromagnetic 

H R X R D -high resolution X-ray diffraction 

J -  Exchange integral

k -  Boltzm ann constant

K g  - wave vector

M B E- m olecular beam epitaxy 

M D - misfit dislocation 

M R - M agneto resistance



M RAM - magnetic random access memory

Ms -  saturation magnetisation

M T J- Magnetic tunnel junctions

N a - Avogadro number

NM R- nuclear magnetic resonance

nn - nearest-neighbour

OM R- ordinary magneto resistance

P -  spin polarization

O-inter-planar angle 

Q(x)-reciprocal lattice vectors 

p- density

RHEED-reflection high energy electron diffraction 

RLP- reciprocal lattice point,

S- Spin angular momentum

SP- Small polaron

SPT- spin polarised tunneling

t- transfer integral

Tc - Curie temperature

tc- strain relaxation critical thickness,

TEM  -transmission electron microscopy 

TM R- tunnelling magnetoresistance 

Tv - Verwey transition temperature 

U(r)- electrostatic potential 

UHV- ultra high vacuum 

VSM-vibrating sample magnetometer



XIII

XRD - X-Ray diffraction 

Z- number of electrons per atom.



List of Figures

2.1 M agnetite unit c e ll ..........................................................................................................10

2.2 Electronic configuration o f  the Fê "̂  ion and Spin polarised
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Nature is showing us only the tail o f the lion, but 1 have no doubt 
that the lion belongs to it even though, because o f  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 o f  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 0.02 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 im plem ent novel functions, led to the developm ent o f a new  

field called spin-electronics or spintronics.

M agnetic oxides are one o f  the m ost prom ising categories o f  materials 

for spin-electronics applications and have attracted considerable interest in the 

recent past [4, 5, 6]. These materials exhibit a rich com plexity in m agnetic and 

electronic properties due to strong cation-anion bonding, which is not found in 

metals. In addition, oxide surfaces are more com plex than those o f  metals and 

sem iconductors. There are added com plexities due to the fact that som e oxide 

surfaces are polar m eaning that they are likely to reconstruct to reduce their 

surface Coulomb energy [7]. Representative exam ples o f  investigations o f  two 

such m agnetic oxide surfaces are m agnetite (Fe304 ) (100) and Fe304  (111) [8, 

9].

The spin electronic devices such as spin valves and m agnetic tuimel 

junctions (MTJ) are realized by separating two ferrom agnetic (FM ) electrodes 

by a normal metal or an insulating barrier respectively [10, 11]. H alf m etallic 

ferrom agnetic (HM FM ) materials possess 100% spin polarization and are 

expected to play an important role in spin-electronic devices. Som e exam ples 

o f  half m etallic ferromagnetic materials are rare earth doped m anganites, 

double perovskites, Cr02, Fe304 , several H eusler alloys etc [12, 13, 14]. Out o f  

the small number o f  known half m etallic materials with high Curie 

temperatures (>300 K) more than half are oxides. M agnetite, Fe304  is a 

com m on and stable half m etallic oxide. D ue to its relatively high Curie 

Temperature (Tc = 858 K) and its electronic properties, Fe304 , represents one 

o f  the prom ising materials for spin electronic devises [15]. M ost o f  these 

applications w ill em ploy this material in the form o f thin film s. Thin film s are 

w idely used in many applications, including m icroelectronics, optics, corrosion  

resistant coatings, m icro-m echanics etc [16]. To realize these applications, one 

requires good  control over the stoichiom etry and precise know ledge o f  the 

strain status o f  the film s. The stoichiom etry, strain, defect structure etc are 

expected to play a crucial role in determining the magneto-transport and 

magnetic properties o f  Fc304  film s.

There are several reports on the pseudom orphic growth o f  magnetite 

film s on a variety o f  substrates [17-23]. M gO is an ideal substrate for epitaxy 

o f  m agnetite due to the small lattice m ism atch (-0.344% ). The epitaxial growth 

o f  Fc304  on M gO substrate suffers from the formation o f  antiphase boundaries
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(APB) which are formed as a natural growth defect due to d ifference in the 

translational and rotational symmetry between Fc304  on M gO [19,24,25], 

Fe304  (100) film s on M gO (100) substrates remain coherent up to a thickness 

much greater than the critical thickness, tc, for strain relaxation estim ated from  

m ism atch strain. On the other hand Fc304  film s, grown on M gA l204  (100) 

substrates (which have the same crystal structure o f  Pe304  and a higher lattice 

m ism atch, 3.9%) show  behaviour consistent with the w idely accepted model 

predictions. Film s grown on M gO (110) show  a partial strain relaxation much 

below  the critical thickness. In the case o f  Fes0 4  film s grown on M g A b 0 4  

substrates, formation o f  A PB s are not expected. H owever, the presence o f  

APBs in Fe304 /M gA l204  system s have been reported [26]. In this work we 

point out that, the presence o f  A PBs plays a key role in the strain relaxation  

behaviour o f  hetero-epitaxial m agnetite thin film s and is an important issue in 

tailoring nano-structured devices based on magnetite. Thus a system atic study 

o f the strain relaxation behaviour o f  epitaxial Fe304  thin film s grown on (100) 

oriented M gO, M gA h 0 4  and (110) oriented M gO substrates are presented in 

this thesis. Other main issues addressed in this thesis are given below .

A s m entioned in the previous paragraph, spin valves consist o f a 

m ultilayer o f  magnetic materials, separated by a thin non magnetic material. 

The current in the m agnetic materials is spin polarised. The resistance through 

the structure is high when the m agnetic coupling between the m agnetic 

materials is anti-ferromagnetic. On application o f  an external m agnetic field  

the two m agnetic layers align ferrom agnetically and consequently the 

resistance decreases. An understanding o f  the m echanism s which govern the 

m agnetoresistance (M R) in these system s is com plicated since they depend on 

many factors such as m agnetic impurities, structural disorder, band structure, 

interfacial roughness etc [27,28]. Application o f  Fc304  in spin valves, as a 

ferromagnetic m agnetic electrode, has not been very successful until now, as 

the observed m agneto resistance effect was very low  [29]. Presence o f  APBs 

have a strong influence on the spin polarised conduction electrons o f  Fe304 

because o f  the anti-ferromagnetic coupling present across a significant fraction 

o f  these boundaries. But, A PBs open up a new  type o f  spin valve application  

[17]. The A PBs them selves can act like a spin valve, g iving rise to MR within  

a single layer. The advantages o f  this type o f  spin valves is that it does not 

require a m ultilayer structure, thus reducing the number o f  interfaces and the
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domains on both sides of the boundary have the same band structure. The 

magnetic properties of adjacent dom ains are strongly coupled. The M R 

behaviour o f Fe304 thin films has been widely studied in films on different 

substrates like M gO and MgAl204 [17, 30-32]. However, due to the random 

network o f APBs formed in the epitaxial Fe304 films, the magnitude of M R 

observed in epitaxial films has not exceeded 8% for a m agnetic field strength 

o f 2 Tesla. In order to exploit the presence of APBs to control the MR 

properties of Fe304 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. Fe304 films grown on vicinal substrates are 

expected to have greater density of APB form ed due to atomic step and are 

highly oriented. W e 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 m agnetoresistance (MR) behaviour o f Fe304 ( 110) 

epitaxial film s grown on MgO ( 110) substrate, show a small (0 .65%) MR at 

120°C (Verwey temperature. Tv) with an applied field of 0 . ITesla [33], Here, 

we present a detailed study of the crystallographic direction dependence of MR 

in partially strain relaxed Fe304 ( 110) films of different thickness grown on 

MgO ( 110) substrates. M R studies as a function of tem perature and thickness 

on these films reveal that the field dependency of M R shows drastically 

different features when m easured along the<  110 > an d  < 001 > directions. MR 

along the <0 0 1> direction is found to be higher com pared to M R measured

along the < 110 > direction and to M R values reported for Fe304 films at 1 

Tesla field except for films deposited on vicinal M gO substrates. The observed 

anisotropy in MR behaviour of Fes04 films is related to the strain status, APB 

formation and m agnetocrystalline anisotropy of Fe304 films.

In conclusion, it is very clear that, for future technological applications 

of Fe304 thin films, a complete knowledge of the structural, electronic and 

magnetic properties of Fe304 hetero-epitaxial systems are needed. The work 

presented here addresses the study of strain relaxation behaviour and magneto 

transport behaviour o f Fe304/M g0 ( 100) Fe304/MgAl204 ( 100) and 

Fe304/M g0 ( 110) hetero-epitaxial system s grown using m olecular beam 

epitaxy (M BE). A detailed study of magneto transport behaviour of Fe304 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 MgA^Os) 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 Fc304  thin films grown on MgO and MgAl204  substrates. The Fe304 

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 MgAla0 4  show strain relaxation in line with the theoretical predications. 

The anomalous strain relaxation observed in Fe304 films on MgO substrates is 

attributed to the presence of APBs. A model is proposed for the formation of



6
APBs due to misfit dislocations generated by strain relaxation in the case of 

Fc304  films grown on MgAl304  substrates.

Chapter 5: This chapter deals with the magnetoresistance enhancement in 

epitaxial magnetite films grown on vicinal MgO (100) substrates. MR 

properties of Fe304  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 

Fe304  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 (1 10) oriented Pe304 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 Fe304  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 Fe304  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.
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The truth o f a theory can never be proven, fo r  one never knows if  
future experience will contradict its conclusions

Einstein 1919



Chapter 2

Physical properties of magnetite
2.1 Introduction

‘M agnesia’ is the name o f the southeastern area o f  Thessaly in central 

Greece. It is believed that around 4000  years ago people in M agnesia were 

bewitched by the discovery o f  a black mineral with peculiar attractive 

properties. They called  this mineral ‘m agnet’, which means "magnesian stone" 

in Greek. Later this mineral was identified as ‘m agnetite’ with chem ical 

formula Fc304 . M agnetite is m agnetic at room temperature, in fact it is 

ferrimagnetic (meaning that the crystallographic planes are anti- 

ferrom agnetically arranged, but there is a different amount o f  spins in each  

plane, giving rise to a sizeable m agnetic m om ent) with high Curie temperature 

o f  858 K [1]. Not only it is m agnetic at room temperature, Fe304  is also  

conducting and exhibits the metal to insulator transition at about 120K, known  

as V erwey 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 o f  these fundamental properties, much interest has been directed 

towards Fc304  as a potential candidate for spin electronics devices such as spin 

valves and spin tunnel junctions [6,7].

B esides the natural abundance o f  Fe3 0 4 , it has also been synthesized, 

both as a single crystal and in thin film  form. In addition to m any experimental 

studies determining the crystal structure, m agnetic properties and electrical 

conductivity, a lot o f  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 m agnetic planar devices and spin
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elec tron ic dev ice  applications, F e304  th in  film s prepared  by a varie ty  o f 

m ethods have been w idely  stud ied  [13], T hin  film s o f  F e304  have p roperties 

tha t dev iate  from  those o f  the bulk. T he m agnetisation  does not sa tura te in high 

fields [14] and u ltra  thin film s below  5nm  becom e super-param agnetic  [15], 

T he resistiv ity  is increased  w ith  respect to the bu lk  [16, 17] and ep itax ial film s 

exh ib it m agneto  resis tance [18-20], D esp ite  years o f  thorough  research , m any 

o f  the properties o f  F c304  are still far from  fully  understood . T he fo llow ing  

sections d iscuss the properties o f  bu lk  and  thin film s o f  m agnetite in detail.

2.2 Properties of Bulk Fe304

2.2.1 Crystallographic structure
Since the ea rly  decades o f  the 20 ‘̂  cen tury , w ith  the X -R ay d iffraction  

(X R D ) m easurem ents perform ed by B ragg [21], Fe304  is know n to crysta llize 

in the inverse spinel structure w ith a lattice constan t, a= 0 .83987  nm . This 

consists  o f a cubic c losed  pack ing  o f  oxygen  anions arranged  in a face-cen tred

lattice. F e304  belongs to  F d 3 m  sym m etry' group  [22]. T w o kinds o f  in terstices 

are availab le for the m etal ca tions: te trahedra l, conven tionally  ind icated  as A- 

type, and octahedral, conven tionally  ind icated  as B-type.

______ <̂oio>

•  •  •  •  •  •  •

•  •  • •  * •  • •
A

I  •  • •  •  • •
V »  »

•  • •  •  • •  •
•  •  •  •  •  •  •

•  * •  • •  ' •  • •

b) *—02- — Fe2+/Fe3+
B Site A Site

Figure 2.1. (a) 3D view o f the unit cell o f Fc304 containing 32 oxygen anions (white) 
16 octahedral iron ions (red) and 8 tetrahedral iron ions (blue) (b) (001) plane of 
Pe304 . The tetrahedral iron ions (blue) are half way between two planes of octahedral 
iron ions (red) and oxygen ions.

2_

T he un it cell o f  F e304  is com posed  o f  32 O  ' that em brace 64 

te trahedra l in terstices, (A -type), and  32 octahedral in terstices, (B -type). N orm al

A

<010>

a) • -  02- Fe2+/Fe3-  ̂ w —Fê -̂
B Site A Site
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spinels are formed when 1/8 o f  the A sites are occupied by 8 divalent ions and 

1/2 o f  the B sites are occupied by 16 trivalent ions. Instead, in Fe304 , 8 o f  the 

16 Fê "̂  ions in the unit cell are placed in A sites, whereas the other 8, together 

with the 8 Fê "̂ , ions occupy the B sites in the inverse spinel structure, see  

Figure 2.1(a). The unit ce ll consists o f  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 Fe304  performed by V erwey [23,24], 

suggested that the high conductivity at room temperature (about 200  n  'cm"' as 

com paied to low  values for normal spinels o f about 10'" S2''cm '’) is the 

consequence o f  a random distribution o f  the iron ions in the octahedral planes. 

A ccording to crystal field theory, it is possible to represent the state o f  the 

octahedral (B ) sites o f  Fe304  as shown in Figure 2.2a [25]. The five d orbitals 

split in to tw o levels consisting o f  two Cg levels and three tig levels. The two  

different iron ions are present in the octahedral sites, Fe"'̂  (d*) and Fê "̂  (d^). 

The F e’"̂ ions are in a high spin state, with the 5 electrons arranged in parallel, 

in accordance with Hund’s rule. The anti ferromagnetic (AFM ) alignm ent o f  the 

two consecutive crystallographic planes cause the m agnetic mom ent associated  

with these Fê "̂  ions in the B -site to be cancelled by the one o f  the Fê "̂  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 o f  the magnetisation measured  

experim entally o f  4 p,e per formula unit. The additional spin down electron o f  

the Fe"”̂ ion in the octahedral site can easily  hop to a neighbouring Fê "̂  site 

provided their spins are parallel. In the m agnetically ordered state only the 

spin-down electron can easily  m ove, resulting in spin-polarised electron  

transport. The electron transport is restricted to the B-sites. B -site spins are 

oriented ferrom agnetically because o f  their mutual anti-ferromagnetic coupling  

to the A -site spins. The m agnetic coupling w ill be further discussed in the next 

subsection. Figure 2 .2c shows the electron bands o f  Fe304  obtained from the 

Local Spin D ensity Calculation (L SD A ) 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 Aex, the 

five fold d levels are split into t2g and Cg orbitals by the crystal field. The 

crystal field  splitting A cf , generated because o f  differences in covalent m ixing  

and electrostatic interaction with neighbouring atoms, is approximately 2eV  for 

the Fe(B ) atom w hile it is less than a few  tenths o f  an eV  for the Fe(A ) atom. 

This d ifference is attributed to the large covalent m ixing o f  the Fe (B) orbitals 

with its six nearest neighbours o f  the sam e kind. The calculated net m agnetic 

m oment is 4 .0  |Ib /F e304  formula unit. The high-spin state o f  the Fe atoms is 

consistent with the argument that a high-spin state is indicated if  the exchange 

splitting Aex is greater than the crystal field  splitting A cf A lso  their calculation  

suggests that the m agnetic m oments on the A  and B sublattices are 

antiferrom agnetically aligned. The remarkable feature o f  the spin-polarised  

bands is that the spin up bands (majority spins) are sem iconducting w hile the 

spin down bands (minority spins) are m etallic. Only spin down electrons are 

present at the Fermi energy and these electrons have predominantly Fe(B) 

character.

Around a temperature o f  120K, the electrical resistivity o f  

stoichiom etric magnetite crystals suddenly increases by two orders o f  

magnitude which is called V erwey transition (Ty) [2]. At this transition the 

structure distorts from its cubic sym metry [24] and a charge ordering occurs at 

the B sites [27] thus reducing the conductivity. Other properties o f  the crystal 

such as m agnetisation, magnetostriction, thermal expansion and heat 

capacitance, also exhibit a sudden variation at Tv [28], The exact transition 

temperature depends on the purity o f  the crystal [29, 30]. Nonstoichiom etry  

depresses the transition temperature which is a maximum for pure 

stoichiom etric Fe30 4 . For extrem e levels o f  cation deficiency a second order 

transition is observed at 120K [30].

D espite the fact that the V erw ey transition had been first detected 80  

years ago, and extensively studied since the late 1940s, its m echanism  is still 

matter o f  d iscussion 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 m ainly four different m echanism s supported in the literature. 

The first one proposes the charge ordering o f  Fê "̂  and Fê "̂  on the same 

octahedral planes and is supported by nuclear m agnetic resonance (NM R)
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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 Fe304  by local spin density calculation.( Zhang et al. R ef 26)
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[33, 34], high energy transmission electron diffraction [35] and high 

resolution neutron and synchrotron X-ray resonant scattering [36] experim ents. 

The second hypothesis suggests the ordering o f  electrons in the B sites in 

terms o f  condensation o f  phonons, and is supported by X-ray resonant 

scattering [37, 38] and more recent NM R [39] experim ents. 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 Tdist- The detailed XRD measurements carried out by Rozenberg et 

al [32], at isobaric and isothermal conditions show that the m etallic state o f  

m agnetite is stable in the cubic structure, whereas the insulating phase is stable 

in the distorted-cubic structure. Their conclusion is that the opening o f  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) W hy is 

m agnetite a good conductor within the cubic-spinel structure? (ii) W ithin the 

distorted-cubic phase, which bands are responsible for the gap opening? (iii) 

W hy is the distorted-cubic phase stable below  the Tdist ?

As all these hypothesis do not bring enough evidence to g ive a 

conclusive description o f  the m echanism  o f the V erwey transition, more work 

and experim ents are needed.

2.2.2 Magnetic exchange interactions
In Fe3 0 4 , there are several m agnetic exchange interactions that have to 

be taken into account. The m agnetic exchange interaction between two  

neighbouring spins is described by the Heisenberg exchange Hamiltonian:

H „ = - Z l „ S , - S j  (2.1)
'.j

Where Sj and Sj are spin angular m omentum  o f two electrons on 

neighbouring atom s. Jij is a constant called  the exchange integral. If Jy is 

positive, the energy is low est when the two spins are parallel to each other and 

is caWed ferrom agn etic  interaction. For Jy negative, m om ents o f  adjacent atoms 

point in opposite directions which results in the low est energy state and is
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called antiferromagnetic interaction. The sign and strength of the effective 

exchange integral Jy 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 o f interaction 

is referred to as super-exchange [40]. Out of several magnetic exchange 

interactions present in Fe3 0 4 , 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 o f the extra electron o f Fe"”*̂ is oppositely directed to the electrons o f Fê "̂ , 

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 o f the orbitals. Exchange between the two iron ions via the intervening 

oxygen requires overlap o f the orbitals. Overlap only occurs between orbitals 

with similar symmetry. On the Oxygen ions three p-orbitals contribute, o f 

which two have a ji-type symmetry and one has o-type symmetry [40,42]. Of 

the five d-orbitals o f iron, three posses a 7i-type symmetry (the three t2g- 

orbitals) and two a o-type symmetry (the two Cg-orbitals). The Cg-orbitals thus 

overlap with the oxygen p-orbitals with o-type symmetry and the tig-orbitals 

with the oxygen p-orbitals with 7i-type symmetry. Because the o-overlap is 

generally larger than ^-overlap [40], the o-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 o f the Cg orbitals on the B site and tig 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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w eaker than the an ti-fe rrom agnetic  coup ling  betw een  the A and B sublattices. 

S ince the orbital overlap  betw een  the iron t2g and oxygen  p  is w eak, th is 

exchange is d ifficu lt to separate  from  the double exchange. T he m ain 

in teractions are show n in F igure 2.3

D ue to  the strong an tiferrom agnetic  coup ling  betw een  Fe^"  ̂ ions on A  

and B sites the net m agnetic m om ent in F e304  is sim ply  tha t o f the Fe^"  ̂ ion in 

B site, w hich is 4[Ib and show s a sa tu ra tion  m agnetisation  480em u/cm  . T he 

m agnetic behav iour o f  F c304  at low  tem peratu re  w as ex tensively  stud ied  [28, 

43]. As the tem peratu re is low ered  the m agnetisation  increases and undergoes 

an abrupt decrease in the value near V erw ey transition  w hich is associa ted  w ith  

the charge ordering below  V erw ey transition .

_ _ _ _ _ _ _ _ _ _ ^ < 0 I 0 >

•  •  •  •  •  •  •

A ♦
2 •  • •V T'" » y^ni) %

•  •  •  •  •  •  •

• •  •  • •  % •
•  •  •  • •

(a)

«-»p3+

B S ite  A Site

Figure 2.3. (a) Schematic drawing of a (001) plane in Fej0 4 .The magnetic exchange 
interaction are indicated in the figure. ( I )  90° superexchange interaction at the 
octahedral site ( I I )  Superexchange interaction between iron ions on the octahedral and 
tetrahedral lattice.( / / /)  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 e lec tron  transport is restric ted  to the B sites in F c304 . T he 

additional spin dow n 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 

t2g band at the B sites which is separated from the occupied spin-up tig band by 

a gap of around 3.5eV [44]. Ihle and Lorenz have performed a quantitative 

calculation of the conductivity in Fe304  [11], They used perturbation theory 

and the Hamiltonian is written as:

H = - E ,  I iii  + l /2 lU i jn in j  + Sco,^bt„ Ity(PyCty Cy (2.2)
i i?!j qv l#ij

where Eb is the small polaron (SP) binding energy, Uy the effective SP-SP 

interaction energies and ni the electron occupation number, coqu is the phonon

energy and b^^is the phonon creation operator. The last term in the equation 

(1.2) is the perturbation term where ty are the nearest-neighbour {nn} transfer 

integrals, (pythe vibrational overlap integral and Cy 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:

Ob =t^^exp(-U ,/2k„T)exp(-4Sok^T/cO o) (2.3)

in the limit of small Ui/2kT and large (Oo/2kT. Where constant Cb contains 

temperature independent terms, Ui is the nn Coulomb repulsion, K is 

Boltzmann constant, T temperature, co is the phonon energy, and So 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:

o ,  = t ^ ^ e x p ( - U , /2 K „ T ) e x p ( S „ c o „ / 2 k „ T )  (2.4)
kT

2
As both the band and the hopping conductivity are proportional to t , the total 

conductivity is also proportional to t*, i.e. oc .
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2.3 Properties of epitaxial Fe304  films
2.3.1 Substrate

M agnesium  oxide, M gO  possesses the rock-salt crysta l s tructu re  as

show n in F igure 2 .4  and belongs to  the space group Fm 3 m . T he lattice 

constan t is 0 .4 2 13nm. The lattice m ism atch  w ith  P e304  is on ly  -0 .3%  w hich 

m akes M gO  a su itab le substra te  fo r the g row th  o f  Fe304  film s. T he alm ost 

perfec t ep itax ial rela tionsh ip  betw een  F e304  and M gO  is due to  the com m on 

fee oxygen  sub-lattice. In this w ork  w e have used  po lished  M gO  (100), 

M g O (llO ) and vicinal M gO  (100) (m iscu t az im uth  d irec ted  along  < 0 1 1>) 

o rien ted  substra tes fo r the grow th  o f  F e304  (100) and F e304  (110) ep itax ial 

film s. ‘V icinal su b stra tes’ are substra tes w hich  are a few  degrees o ff  cu t from  

the ir crysta l plane. D etails o f  the grow th p rocess are d iscussed  in chap te r 4.
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V ^  V ^  V ^  V
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^  V ^  V ^  ^
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(a) (b)

y  -Q2- w -Mg2+ y  -Q2- ^  -Mg2+

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

T he other substra te  used  in the p resen t w ork  is M gA l204  w hich has the 

norm al spinel structure and  a lattice constan t o f  0 .808nm . T his resu lts in a

larger m ism atch  o f  4%.  In the norm al spinel structure the Mg^'^ions occupy  the

te trahedral sites and the ions occupy the  octahedra l sites.
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2.3.2 Formation of anti-phase domain boundaries
Physical properties o f  epitaxial Fe304  film s deviate from  those o f  the 

bulk such as larger electrical resistivity [17], magneto resistance [20,45] and 

m agnetization which does not saturate in high m agnetic fields [14]. These 

differences are attributed to the presence o f  antiphase boundaries (A PB s) 

which are natural defects occurring during growth o f  Fe304 /M g 0  thin film s 

[14, 44], In the first stages o f  growth, islands o f  Pe304  are deposited on MgO. 

H ow ever, because o f  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]. A PB s are formed when islands o f  Pe304  on 

the M gO 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 

A PBs and only the cation lattice is shifted. The APB shifts in these film s are a 

consequence o f  two distinct form s o f  symmetry breaking betw een M gO and 

Fe304 . The first is due to the lattice parameter o f M gO (0 .4 2 13nm) being half 

that o f  Fc304  (0 .8397nm ) and because o f  this, adjacent Fe304  m onolayers may

be shifted by 1 /  4^110^ , 1/4^110^ or l /2 ( l0 0 )  which are called  in-plane shifts.

The structure at the boundary is determined by the type o f  shift and by the 

direction o f  the shift with respect to the plane o f  the boundary i.e. whether the 

shift is parallel or perpendicular to the boundary plane. Som e exam ples o f  APB  

formations due to in-plane shifts are shown in figure 2.5 and Figure 2.6.

The other APB shifts are a result o f  the low er sym metry o f  Fc304  monolayers 

compared to the M gO substrate surface. Consequently, adjacent Fe304  islands 

on the sam e M gO  surface m ay be rotated by 90°, as shown in Figure.2.7. In 

com bination with the screw sym metry elem ent o f  the spinel structure this gives

rise to t h e l / 4 ( l 0 l ) , 1/4^101^, l /4 (0 1 l)a n d  1/4^011^ shifts which are

designated as out-of-plane shifts. Eerenstein et  al. have reported a detailed  

transmission electron m icroscopy (TEM ) study on the APB dom ain sizes in 

Fe304  film s [47]. They found that the domain size increases significantly with  

film  thickness and show s a parabolic relation D y f t , where t is the 

deposition time w hich is proportional to the thickness o f  the film
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F igure 2.5. Schematic o f 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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F igure 2.6. Schematic of antiphase boundaries (APBs) formed due to 1/4^110^ 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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of out-plane shifts (a) l /4 ( l0 0 )  shift parallel to boundary plane (b) l /4 ( l0 0 )  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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deposited. They have also shown that the increase in domain size with  

thickness is not by the growth o f  larger domains on top o f  the small dom ains in 

the first m onolayer, but is due to the diffusive migration o f  A PBs, which were 

found to anneal out during the post annealing studies. The free energy o f  the 

thin film s are higher due to the presence o f  A PBs and therefore there is a large 

affinity to rem ove A PBs. Post annealing o f  these film s helps the boundaries to 

migrate such that a local equilibrium  at the boundaries can be achieved. W ith  

annealing the boundaries are found to have becom e straighter and the number 

o f  junctions significantly reduced [47].

S ince Fe304  and M gA l204  possess the sam e spinel type structure and 

symmetry, APB formation is not anticipated during the growth o f  Fc304  on 

M gA l204  substrates. But the presence o f  A PB s in this system  is reported [48]. 

An important factor to be noticed in this system  is relaxation o f  the film  due to 

higher m isfit around 4%. A  detailed description o f  A PBs and m isfit 

dislocations and connection between them are given  in chapter 4.

2.3.3 Magnetic exchange interactions in Fe304  thin film
The m agnetic exchange interactions across the A PBs are very  

important because they can affect the physical properties o f  the epitaxial Pe304 

film s. An anti-ferromagnetic coupling w ill have a strong influence on the 

m agnetization [14] and on the m agnetoresistance properties [20]. A  detailed  

study o f  different magnetic exchange interactions across the A PBs which are 

not present in the bulk Fe304  is reported by Celotto et, al. [44]. Their analysis 

shows that across the A P B s there can be new, 180 degree strong 

antiferrom agnetic octahedral-oxygen-octahedral super exchange, 90 degree 

weak ferrom agnetic octahedral-oxygen-octahedral super exchange (which  

exists in addition to the 90 degree ferrom agnetic 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 T ab le .2 .1. A lso  som e o f  the new exchange interactions across 

the A PB s are shown in Figure 2.8. It is clear that the majority o f  strong 

interactions present in thin film  are anti-ferrom agnetic in nature [44].

The m agnetic properties the film s grown by sputter deposition, 

m olecular-beam  epitaxy and evaporation differ from those expected for single  

crystal Fe304  w ith bulk behaviour [14]. In order to saturate the m agnetization
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(a)

__________'^Fe304

#  #  •  

•  #  #  
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*/2 <100>
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^MgO

Fe304

* ^< 1 1 0 >

(b)
• V  « W  • ^  ^

^MgO

-Mg2+ •-Fe2+/Fe3+
w -O^' in the MgO •-O ^ ' in the Fe304

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) l /4 ( l  lO) shift perpendicular to the boundary plane. 120 

degree antiferromagnetic super exchange is indicated with arrows in violet colour.
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in Fe304 , 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 Pe304 thin films grown on MgO substrates, the anomalous 

magnetic properties are intrinsic to the films, independent of preparation 

technique.

Exchange
Interaction

Type and angle Strength and 
sign

Presence

oct-ox-oct
tet-ox-tet
oct-ox-tet
oct-ox-oct
tet-ox-tet
oct-oct
tet-tet
oct-tet

super, 180“ 
super, ~ 140° 
super, ~ 120° 
super, ~90° 
super, -70° 
direct 
direct 
direct

AF, strong 
AF, strong 
AF, strong 
FM, weak 
AF, weak 
FM, weak 
AF, weak 
FM, weak

At APB 
At APB
Bulk and at APB 
Bulk and at APB 
At APB
Bulk and at APB 
At APB 
At APB

Table 2.1. Magnetic exchange interactions across anti-phase boundaries in epitaxial 
Fe304 films grown on MgO, listed according to their relative strength.

2.3.4 Conductivity in epitaxial Fc304  films

The resistivity of Fc304  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 Fe304  thin films. The 

magnetic coupling over the majority of these boundaries can be anti­

ferromagnetic. The conductivity of Fe304  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 „ c o s ^  (2 .5 )

w here <p is the an g le  b etw een  the tw o  sp ins. In the case  o f  ferrom agnetic  

align m ent, the tw o  spins are parallel and the transfer integral has its m axim um  

valu e to- In the ca se  o f  an ti-ferrom agnetic a lign m ent the transfer integral 

b eco m es zero. T h is is the case  at the A P B s w hen  an anti-ferrom agnetic  

cou p lin g  is present. T he ep itax ia l film s are m ade up o f  structurally sh ifted  

d om ains, w ith in  w h ich  the con d u ction  resem b les bulk behaviour, and at the 

boundary reg ion s the con d u ction  is strongly  reduced. T he enhancem ent in 

resistiv ity  w ith  reduction  in film  th ick n ess is due to a decrease in A P B  dom ain  

size  or increase in A P B  d ensity  w ith  reduction in th ickness [47].

2.3.5 Magnetoresistance in epitaxial Fc304  films
T he ep itax ia l film s exh ib it large n egative M R  around and b e lo w  T ,. 

C o ey  et al have studied  the M R  o f  F e304  in p o lycrysta llin e  thin film s , pow der  

com p act and s in g le  crystals. It has b een  su ggested  that M R  in these sy stem s  

are assoc ia ted  w ith  spin p olarised  e lectron  transport across the adjacent 

ferrom agnetic grains w ith  m isa lign ed  m agnetisation  due to the d ecoup led  

m agnetic  ex ch a n g e  [45]. Li et al have studied  the lo w  fie ld  M R  behaviour o f  a 

p olycrysta llin e  F e304  f ilm  grow n on p o lycrysta llin e  S r T i0 3  substrate and 

com pared it w ith  an ep itaxial film  grow n on M gO (lO O ) substrate [51 ]. T he tw o  

film s sh ow ed  com parable resistiv ity  and exh ib ited  very sim ilar tem perature 

d ep endence. M R  behaviour o f  the tw o  film s w ere a lso  sim ilar w ith  a peak  

occurring in both ca se s  c lo se  to Tv, w h ich  is due to the abrupt ch an ges in the 

therm odynam ic quantities accom p an ied  w ith  the first order V erw ey  transition. 

E erenstein  et al have studied  the M R  o f  ep itax ia l F e304  film s grow n on  

M gO (lO O ) substrate and the e ffec t w as attributed to the spin polarised  transport 

across the antiferrom agnetica lly  co u p led  A P B s [2 0 ,5 2 ]. A s exp la in ed  in the 

previous section  the con d u ctiv ity  in the film s are proportional to  transfer 

integral, o  «  and i f  the sp in  on a n eighbouring  ion  is rotated over  an angle  

(pthe transfer integral is reduced to E quation 2 .5 . T herefore transfer o f  the 

conduction  e lectron  b etw een  ion s w ith  antiparallel sp ins at an 

antiferrom agnetica lly  cou p led  A P B  is b lock ed  and con d u ctiv ity  is zero . W hen  

a m agnetic  fie ld  is applied , the sp ins at the boundaries w ill a lign  th em se lv es  to
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som e degree w ith  the m agnetic  field  so tha t the e lec tron  transfe r acro ss the 

boundaries w ill increase [20,52], C onsidering  tw o spin chains separated  by an 

an tiferrom agnetic  boundary , they  ob ta ined  the relation:

(2 .6)
”  AF

W here H  is the app lied  m agnetic  field , M* is the sa tu ra tion  m agnetisa tion  and 
2 2W a f= A  a f/A fc I (w here A p is the exchange stiffness constan t, A a f  is the 

exchange stiffness constan t fo r an tiferrom agnetic  exchange in teraction  at the 

boundary  and d is the d istance betw een  tw o neighbouring  spin cha ins along  the 

boundary). T his analysis show s th a t transpo rt th rough  an an tife rrom agnetica lly  

coup led  A PB w ill be zero  if  no m agnetic  field  is app lied  and increases 

approx im ate ly  linearly  w ith a m agnetic  field. This is the  cause  o f  the 

m agneto resistance behav iou r in these film s. T he m agneto resistance behav iou r 

o f  F c304  film s w ill be d iscussed  in detail in chap te r 5 and  6.
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A concept exists fo r  a physicist only when there is a possibility o f 
finding out in a concrete case whether or not the concept applies.

Einstein 1920



Chapter 3

Experimental Details

3.1 Introduction
The rapid advancem ents 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 m olecular 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 m ethods such as high resolution X- 

ray diffraction (HRXRD), vibrating sample m agnetom eter (VSM), low 

tem perature magneto transport m easurem ents, Ram an spectroscopy, and 

transm ission electron m icroscopy (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 o f one material on the crystal face of another (hetero-epitaxy) or the 

same (hom o-epitaxy) material. Epitaxy forms a thin film whose material lattice 

structure and orientation or lattice symmetry is identical to that o f the substrate 

on which it is deposited
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M olecular beam epitaxy is a sophisticated form of vacuum evaporation. 

M olecular beams o f the constituent elem ents are generated from sources and 

travel w ithout scattering to a substrate where they com bine 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 m aterial in 

the m olecular beams which can be controlled by the evaporation rate and, most 

importantly, switched on and o ff 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 o f an 

atom on the surface will be greater at higher substrate temperature resulting in 

sm oother interfaces, but higher tem peratures also lead to a lower "sticking 

coefficient" and more migration of atoms within the layers already grown. 

Clearly there will be a com prom ise tem perature to achieve the best results. 

Using M BE 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 M BE system a m olecular beam of a metal species is created by 

the evaporation of the source material using a beam of high energy electrons. 

The m olecular beam subsequently condenses on a substrate and the thin film 

grows epitaxially. By controlling the flux of the m olecular beam and by 

controlling the energy o f the evaporating e-beam, one can control the growth 

rate of the thin film. Metal oxides may also be grown by M BE by simply 

adding the appropriate gas into the deposition chamber. The gas may be added 

in m olecular form or, using a plasm a generator, may be added in atomic form. 

In this m anner 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  rem ains contam ination free 

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

All o f the films grown and investigated during the course o f the 

research outlined in this thesis were deposited using a DCA M BE M 600 

M olecular Beam Epitaxy System. The system com prised of two separate 

chambers connected via a gate valve. The cham bers 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 1 0 '  

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 cham ber associated with the M BE system was a 

vertical 600 mm ID cham ber with a wire sealed rem ovable top flange. A 

schematic o f the cham ber is shown in Figure 3.2 below. The system was fitted 

with a low wobble substrate m anipulator which consisted of a heavy duty Z- 

m anipulator, a hollow shaft inverted rotary motion feed-through and a high 

tem perature heater stage. The substrate m anipulator was located vertically in 

the centre o f the cham ber 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 m agnetic coupling. All electrical wiring (therm ocouple and 

power) were conducted through the inner stationary tube.

The substrate m anipulator featured a new design for the heater 

electrical contacts and the support bearings. The heater stage was a high 

tem perature heater stage with a PBN/PG/PBN cup heater element. The 

elem ent was surrounded by a radiation shield. A C-type therm ocouple (W /Rh) 

was located in the space between the filament and the substrate. The 

tem perature 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 m anipulator heater avoiding the need for a separate 

annealing chamber. This im proved the quality of the cleaned substrates and 

minim ised possible contam inants that may have arisen as a result o f  the 

transfer procedure between adjacent cham bers. The heavy duty Z-stage was 

used for loading and RHEED alignm ent purposes. The m anipulator 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 M olybdenum  holders which in turn were 

loaded into the substrate m anipulator with a m inimum of stress and the active 

substrate surfaces were pointing down and held in place by gravity alone. The 

M olybdenum  holder allowed for low electron beam incident angle RHEED 

measurem ents to be made. Details o f the attachm ent of the substrates to the 

sample m anipulator and the RHEED system alignm ent will be discussed in 

later sections.
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Heavy duty Z-stage

Rotary drive

Thickness monitor

Shutter
Shutter

RHEED
Screen

RHEED
GunShutter

Water
cooling Plasma

source

Gas inlet
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cooling

Ion pump
(a) Sample manipulator (d) Water jacket
(b) To load lock chamber (e) e-beam evaporator
(c) 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.

W hile the cham ber was equipped with two electron guns (e-guns), one 

m agnetron 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 com position of the crucible com patible to the source 

m aterial to preclude the risk o f dam age or contam ination. The e-guns were



36
m ounted on NW 200CF 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 cham ber thus facilitating re-filling 

and servicing. One o f 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 M olybdenum  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 o f a feed-through screw. 

Thus, at any one time the deposition cham ber 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. W hen 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 m onitored 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 o f the electron beam 

could be controlled by adjusting the area o f the crucible upon which the 

electron beam fell. The sm aller the X- and Y- travel o f the beam the higher the 

electron beam  density and so, the same deposition rate could be achieved for a 

lower pow er 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 m onitor heads were positioned such that they 

were shielded from other sources. Each crystal m onitor 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 

im pact on the crystal m onitor 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 dam age or contam ination, by means of a 

rotary feed-through.

The shutter system as described above was a linear electro-pneum atic 

shutter system. The shutter blades were moved outside the vacuum with a 

pneum atic actuator. The construction was designed to give enough driving 

force even after heavy contam ination o f the shutter blade. The shutter 

operation was com pletely controlled using Festo controllers which allow for 

easy adjustm ent o f the shutter motion via adjustable pressure valves. The 

shutters were run in soft-mode to m inim ise vibrations and flake fallings. The 

deposition cham ber also consisted of a m ain shutter positioned directly below 

the substrate manipulator. This shutter allowed all beams to be interrupted at 

once, no m atter 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 contam inate impinging on the substrate.

The electron gun area was separated from the main body o f the 

deposition cham ber by a water cooled roof. The lower part of the deposition 

cham ber was fitted with a water cooled shroud that effectively separated the 

growth area from the e-guns. At the low er end o f the water panel the source 

positions were separated from each other with double wall M o beam  separator 

plates. These plates were in good therm al contact with the water panel and the 

double walled design effectively prevented any thermal or chem ical cross talk 

between different sources.

The deposition cham bers pum ping system consisted o f a VARIAN 

Triode ion pump with a pum ping speed o f 500 Is '', a VARIAN VIOOO 1000 Is'* 

turbo pump and a VARIAN Tri Scroll 600 dry scroll vacuum  pump. The turbo 

pum p was separated from the deposition cham ber with an electro-pneum atic 

gate valve via a NW 200CF flange. The vacuum  system thus described allowed
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base pressures o f the order of 5 x 10"'° Torr to be achieved in the deposition 

chamber.

3.2.1.2 Load-Lock Chamber

The Load-Locic cham ber facilitates the loading and transferring o f  the 

sample to deposition chamber, using a m agnetically coupled transfer arm, 

without breaking the ultra high vacuum  condition maintained in the deposition 

chamber. The Load-Lock cham ber design utilises a small volum e cham ber 

consisting of a 200 mm ID spherical vessel. The substrate holder is introduced 

into the Load-Lock cham ber via a VITON sealed quick access door (top 

loader). The Load-Lock cham ber is equipped with a 70 Is ’ VARIAN turbo 

pump and a VARIAN Dry Scroll pump. The cham ber is vented through a 

Nupro vent valve and/or the autom atic VARIAN vent valve m ounted on the 

turbo pump. The cham ber is vented using either nitrogen or argon gas. The 

vacuum m onitoring includes a GRANVILLE -  PHILLIPS control unit with a 

Convectron gauge head and a nude ion gauge head.

Sample holder
To deposition 
cham berMagnetic

coupling

Venting
valve

T urbo pump

Figure 3.3. Schematic of the MBE Load-Lock chamber layout, depicting the Sample 
holder, magnetically coupled transfer arm and the vacuum system.



39
The m axim um  baking tem perature for the Load-Lock cham ber was 150 °C, 

lim ited 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 M BE system was fitted with an Oxford Scientific OSPrey Plasm a 

Source set to operate in Atomic M ode. The specially designed aperture plate 

inhibits ions from  escaping from the plasma, yet allows reactive neutrals to 

escape and form  the dom inant beam  fraction. The em itted particles are largely 

therm alised through m ultiple collisions on passing through the aperture. The 

plasm a source was fitted to the deposition cham ber via a CFIOO port. 

M icrowaves w ith a frequency o f 2.45 GHz were generated by a m icrowave 

m agnetron operating at a m agnetron pow er of 10-250W. The microwaves 

were then coupled through a resonant coupler into a coaxial feed-through 

structure which guided the m icrowaves into the vacuum and up into the plasm a 

cham ber. The plasm a was excited in this cham ber and the microwaves 

absorbed. The plasm a was confined to this chamber. Further enhancem ent of 

the plasm a density was provided by a m agnetic quadrupole arranged around 

the discharge cham ber 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 plasm a cham ber was fitted 

with aperture plates with a num ber of small holes. These acted to reduce the 

num ber o f ions leaving the plasm a cham ber thus effectively reducing the ion 

current. The beam  leaving the plasm a cham ber consisted mainly of m olecular 

and atom ic particles. In this m anner m olecular oxygen (O 2) was converted into 

atomic oxygen and subsequently introduced into the deposition chamber. The 

atomic oxygen im pinged on the surface of the substrate in the same m anner as 

the metallic species and in such a m anner thin film metallic oxides were 

deposited. For this work the only m etallic oxide deposited was magnetite.

3.2.1.4 Water Cooling system and Interlock system

All o f the water-cooled equipm ent associated with the M BE system had its 

own separate water-cooling circuits. The main water-cooled pieces o f
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equipm ent were the e-guns and the substrate manipulator. The cooling lines 

were controlled by manual ball valves located in a cooling block. Nam ur type 

sensors m onitor 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 com pressed air line was used to ensure sufficient air pressure 

to provide sufficient water pressure. Failures of the w ater 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 m inutes in each of M ethanol, Iso-Propanol and Acetone. The substrate 

was then boiled in Acetone for several minutes prior to being loaded into the 

M olybdenum  (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 M o holder and was lifted out of the cup using a specially designed 

transfer tool that accom panied the M BE 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)) 

sim ilar 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 o f Mo holder with the slots in the transfer 

tool. The transfer tool was rotated in clockwise direction so that the protruding 

parts o f M o holder moved w ithin the rings o f transfer tool and locked at a 

stopping screw which is m arked as (ii) in the Figure 3.4 (c). The Mo holder, 

and substrate, was then transferred to the transfer cup (sim ilar to the one which 

was used before) in the Load-Lock cham ber via the VITON sealed quick 

access door (top loader).

Once loaded the Load-Lock cham ber was pumped until the pressure 

reached ~ 5 x 10'^ Torr, at which point the gate valve was opened and the 

transfer arm was moved to a position in the centre o f the Deposition chamber. 

The substrate m anipulator was lowered over the transfer cup until it coupled
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with the M o substrate holder. The m anipulator was then turned through a pre­

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

(c)

F igure 3 .4 . (a) Molybdenum sample holder (b) Cup (c) transfer tool (i) rectangular 
slot (ii) stopping screw

locked into the substrate m anipulator by the same m echanism  explained before 

in the case of transfer tool. The substrate m anipulator was then raised again and 

the transfer arm, and transfer cup, w ithdrawn from the Deposition chamber. 

Once the transfer arm was com pletely rem oved from the D eposition cham ber 

the gate valve was closed and the two cham bers were essentially independent 

from each other again.

Once the substrate and Mo holder was loaded in the substrate 

m anipulator the Deposition cham ber was pum ped 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 60n”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) DifTracted e-beams (b) Phosphorus screen

(c) 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.



43

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 (l-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 [IJ. 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 o f elastic 

scattering, which means that [k  | =  |K j |, this diffraction condition can be cast

into the geom etrical 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 o f K ^w ith  radius |K j | then defines the Ewald sphere,

see Figure 3.6 Reflections can occur for all K  connecting the origin o f the 

sphere and a reciprocal lattice point on the sphere.

Ewald Sphere

Reciprocal
Lattice

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

The surface normal com ponent o f the incident wave vector which 

determ ines the penetration into the m aterial can be carried over a large range of 

values by changing the incidence angle 0. For low incidence angles the 

sampling depth o f RHEED can be very small. This implies that the periodic 

part o f the crystal beneath the surface can usually be neglected and therefore 

we can approxim ate the sampled volume in the reciprocal lattice by a two 

dim ensional layer. The reciprocal lattice then degenerates into a set of one-



(00)

Reciprocal rods

Ewald-
sphere

Specular, reflection

Incident beam

Sam ple

Screen
K„Cos0

(b) Side view
Ewald-
sphere

Incident beanij
Sample

Screen

(c) Top view

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 a  and p 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 [I]. A 

quantitative method to determine the lattice constant of the sample from the 

RHEED pattern is given by Hemandez-Calderon et al [5].

In a typical RHEED experiment with an electron wave vector Kq 

~10"A ' and reciprocal surface vector g, the characteristic value of g/Ko ~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

where 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 

gj  ̂=2n/d||, where dn is the distance between equivalent rows of atoms parallel 

to the incident beam and g ^ «  Ko ,where Ko= 2n! Xq, the relation

(3.2)

d ||t = LXo (3.3)

is obtained from Equation (1) where /o 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 can be calibrated with a sam ple w hose lattice 

constant is w ell known. In this way a precision in the determination o f  lattice 

constants o f  10" can be easily  obtained.

The intensity o f  specular spot in the RHEED pattern generally exhibits 

very regular oscillations as a function o f  time, under the growth conditions that 

lead to layer-by-layer growth or Frank-van der M erwe growth [6-9]. In the 

layer-by layer growth m ode one layer is essentially com pleted before material 

is added to the fo llow in g layer. This periodic variation o f  the surface 

m orphology is generally accepted as the reason for RHEED oscillations. The 

intensity o f the specular spot o f  the clean substrate is m aximum  and when  

deposition starts, islands are formed on the surface resulting in an increase o f  

the roughness and a corresponding decrease in intensity due to d iffuse  

scattering [10]. After the com pletion o f  one m onolayer the surface is again 

sm ooth and the intensity increases. This process is shown in the figure 3.8. 

RHEED oscillations are used to determine growth rates, layer thicknesses and 

alloy com positions [9]. For Fe304  one m onolayer corresponds to a quarter o f  

the unit cell which is 0 .2  Inm. W hen the oscillation period is known, the 

thickness o f  the film  can be calculated accurately from the deposition time.

The RHEED im ages 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 im ages shows vertical lattice rods and sharp 

Kikuchi lines are observed and in the second case RHEED im ages shows sharp 

horizontal kikuchi lines which are not observed in the first case.

This is because o f  the increased inelastic scattering due to the presence 

o f atomic steps. The horizontal Kikuchi lines are generally slightly tilted with  

respect to the shadow edge due to the m iscut o f  the sam ple surface. On a 

stepped surface there exist several reciprocal lattice sub-rods that run along the 

normal to the average m iscut surface plane, representing the reciprocal lattice 

o f  the step edge, apart from the rods perpendicular to the singular planes 

between the steps [1]. W hen the Ewald sphere cuts these rods c lo se  to an out- 

of-phase condition, there are either multiple reflections or an intensity 

m aximum  displaced from the average centre o f  the rod resulting in splitted 

spots. The m echanism  responsible for the spitting by the exit geom etry o f  the 

electrons at a vicinal surface is shown in the Figure 3.9.
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scattering

RHEED Intensity 
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Figure 3.8. Schematic of the correlation of surface coverage with idealized RHEED 
oscillations.

W hen the electron crosses the potential step, its m omentum 

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 rem ains 

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 m iscut 

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

27t / s d - l

where <0e> is the average exit angle o f 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.

UnrefractedRefracted

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:

• a small focus spot (< 100 i^m)
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• the beam size remains constant even over large working areas

• a small 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 o f 

1.6 Amps. It must be noted that due to the proxim ity o f 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 com pletion of the deposition, with the sweeper in the off 

position.

To com plete 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 m anipulator through pre-defined angles in 

order to present the < 1 10> and the <100> directions to the e-beam. To ensure 

reproducibility the substrate m anipulator was rotated through a m ultiple of 

angles to ensure several m anifestations 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 o f heterostructures and superlattice systems. W ide range of information 

can be gathered form the diffraction patterns like com position and uniformity 

of epitaxial layers, their thickness, the built in strain and relaxation etc. The 

details of high resolution X-ray diffraction m easurem ents em ployed 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 :

nX,
(3.5)

2 sin 6

where dhki is the spacing of lattice planes with Miller indices (hkl), 0 is the 

corresponding Bragg angle, k  the wavelength of X-ray used, and n is an 

integer. In Figure 3.10 the scattering geometry is shown. O  denotes the angle 

between the lattice plane (hkl) and the surface, Kj and K* are the incident and 

the scattered wavevectors. p is the surface normal and q is the normal on 

reflecting planes. o)+ is the angle between the surface plane and incident 

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

wavevector. co+ is referred to as co here after.

0 ' '>

'hkl

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

In epitaxial systems typically lattice constant variations (Ad/d) 

between 10'^ to 10""* have to be measured. The corresponding angular changes 

A0 in the Bragg angle follow from the differentiation of Bragg’s law (Equation 

3.5) as

d X tan 6

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

constants the wave length spread AX  has to be minimised and to achieve this.
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the simple pow der diffractom eters using a focussing path for the X-Rays are 

replaced by double and triple-axis spectrom eters equipped with multiple crystal 

or channel cut m onochromators and analyzers. In a double axis spectrom eter 

two crystals are used. The first one is often a dislocation free Ge or Si crystal, 

(som etim es cut to use an asym m etric Bragg diffraction for extrem ely high 

resolution), used as the beam conditioner. The second one is the sample to be 

investigated. In a triple-axis spectrom eter apart from the beam conditioner and 

sample crystal, channel cut crystal is used as an analyser. The advantages of 

the triple-axis spectrom eter are the following

1) Improved angular resolution perm its the observation o f weak 

diffraction satellites.

2) The triple-axis diffractom eter allows Bragg plane tilts and dilatations to 

be determ ined independently.

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

be separated from coherent Bragg scattering.

The disadvantage of triple axis in com parison with double-axis 

spectrom eter is the analyser crystals reduce the intensity and thus longer 

m easurem ent time results. The adjustment procedure is quite difficult in triple 

axis spectrom eters comparison with the double-axis

3.3.1.2 Determination of Lattice parameters using HRXRD

During the epitaxial growth the unit cell o f thin films can distort due to 

elongation or com pression of in-plane lattice constants in the orthogonal

directions depending on the sign o f the lattice mismatch 6  which is given

below:

S i  'T V  3
^ (3.7)

where a* and axF are the substrate and thin film lattice constants. If the in-plane 

lattice constant o f thin film is equal to the in plane lattice constants o f 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 grow th the 

strain induced energy built up within the thin film can reach a threshold value 

at a particular film thickness called critical thickness (tc) and cause the film  to
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Incident beam Detector

Initial alignment: 20=0 g >=0
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a 'y
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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 (3j^) and in-plane lattice constant (a,,) of the film which lies parallel

to the surface plane. To measure aj^anda,,, the following methods are

employed.

Symmetric scans

If O = 0 i.e. the reflecting lattice planes are parallel to the surface, the 

Bragg diffraction is called ‘symmetric’. For O  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 (aj^). To find â  ̂ a symmetric scan is performed on appropriate 

surface planes of thin film and substrate.

Ideally co is half of 26s value but can be G* + a  for vicinal substrates 

with a miscut angle a. o)=0s + 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 o)=0s-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).

Substrate Thin; film

(jj (degrees)

Figure 3.12. Typical symmetrical m-26 scan.
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After the optim isation o f  o) and 20s for the diffraction plane an (o-26 scan is 

performed in which the detector fo llow s tw ice the angular increm ent o f co. A  

typical rocking curve obtained for a sym metrical co-26 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 o f  thin film  com es right to the substrate 

peak if  the lattice constant o f  the thin film  is smaller than the lattice constant o f  

the substrate.

The Bragg angle for the thin film  is calculated by adding the separation 

between substrate peak and thin film  peak (Aoj) to the Bragg angle o f  substrate 

0s as shown below .

0TF = 0s + (3.8)

Substituting 0 t f  obtained from Equation 3.8, into Equation 3.5 g ives  

the lattice spacing dhki- The out-of-plane lattice constant for a cubic crystal 

(which is the case in the present study o f  Fe3 0 4  thin film s) can be calculated  

using the follow ing equation:

= d , „ V h ' + k ' - l - i '  (3 .9)

Asymmetric scans

Asym m etric 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 asym metric 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 geom etries the detector is optim ised at 20s position, where 0s is the 

Bragg angle for the corresponding (hkl) plane o f  the substrate. The sam ple is 

rotated to a position co = 0s+Os for grazing exit diffraction geom etry and to =  

0s-Os for grazing incidence geom etry. 4>s is the inter-planar angle between  

(hkl) plane and surface plane o f  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  ep itax ial film  inner (hkl) d iffracting  p lanes w ill not be 

parallel to  the co rrespond ing  (hkl) p lanes o f  the substrate. P erform ing  an 

asym m etric  to-20 scan  from  the op tim ised  20s and w  positions w ill not gather 

the th in  film  in tensity . This is due to the d iffe ren t value o f  in te r-p lanar angle 

betw een  the (hkl) p lane and surface p lane o f  the thin film  w hich is <|)tf 

com pared  to the substrate. T he d iffe rence betw een  in ter-p lanar angles is given 

as T his is rep resen ted  in F igure 3.14 in the case o f  a fully

strained  system .

a,,

A<D

hkl

Thin film

Substrate

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 co-20 
scans on a fully relaxed Fe304( 100) /  MgO(lOO) system from (311) set o f planes in (a) 
reciprocal lattice space and (b) real space.

For a be tte r exp lanation  let us consider the case o f  ep itax ia l Pe304  (100) 

thin film  grow n on M gO  (100) substra te  w hich is used in the p resen t study. 

S ince F c304  un it cell has nearly  doub le  the lattice constan t o f  M gO  (aFe304= 

0 .8397nm , aMgo= 0 .4123nm ), F c304  g row s upon four un it ce lls o f  M gO . 

L attice  constan t o f  tw o M gO  unit ce lls toge ther is h igher than the lattice 

constan t o f  Fes0 4  and therefore the F e304  un it cell is te tragonally  d isto rted



58

AO

6 - 2 - 2-

D e fr a c to m e te r
c ir c le
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3003-1-1,
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Figure 3.16. Representation o f  the shifts o f  (622) and (6-2-2) reciprocal lattice points 
from the co-29 diffraction line.

w ith  its in -p lane lattice constant in creased  to a va lu e equal to  that o f  M gO  and 

out o f  p lane lattice constant decreased  to a low er va lue com pared to the bulk  

value o f  F e3 0 4 . T o  m easure the in p lan e lattice  constant, d iffraction  peaks o f  

(311) plane o f  M gO  (w h ich  is having  an inter-planar angle  <[>s=25.23° w ith the 

(100) surface p lane) and (622) plane o f  F e 3 0 4  w h o se  lattice sp acing  (d 622 ) is 

sm aller but com parable to the lattice  sp acin g  (d s n )  o f  M gO , are used . W hen  

the sy stem  is  fu lly  relaxed  the (311) and (622) p lanes are parallel i.e . 3>tf =

Os=25.23° or Ad)= 0, perform ing an asym m etric  grazing ex it  or grazing  

in cid en ce (o -20  scan  from  the op tim ised  d iffraction  peak o f  (3 1 1 ) can  fetch  the 

thin film  in ten sity  from  (622) diffraction  plane. T he grazing ex it co-20 scan is  

described  in F igure 3.15 by usin g  the d iffraction  geom etry  in reciprocal

lattice sp ace and real space. D uring the scan the tip o f  scattered w ave  

vector  K  m o v es  a lon g  the co-20 d iffraction  lin e  (w h ich  is indicated  by black  

dotted line in the F igure 3 .1 5 ) w h ile  the d iffraction  con d ition  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 R etraces 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 6 i. In case (ii) the diffraction condition for (622) 

plane of thin film, which lies in the to-26 diffraction line, is satisfied with a 

Bragg angle 62. The difference between the Bragg angles 0i and 02 which is 

A012 is shown in the diffractometer circle. In case (iil) the diffraction condition

for (622) plane of substrate is shown with the Bragg angle 03. The difference

between 0i and ^3, which 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 a>-20 diffraction line. Instead it will be radially shifted 

to left or right side of the co-20 diffraction line depending on the value of O tf  

which can be greater than or less than Oj. In the case of Fe304( 100)/Mg0 ( 100) 

system, the value O t f  is smaller than Os, and therefore (622) reciprocal lattice 

point shifts to the left side of the to-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 co-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«1> 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 Act)=A0-A<l> 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. W hen 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 o f the detector when diffraction condition for (6-2-2) planes o f 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 Aco=A0+A<1> and is shown in Figure 3.18 (a).

Ewald Sphcre\ '

'( » )

300 ,

311

200

100

JMO0 - 2-2 0 - 1-1 022Oi l

)efractometer circle

(ii)

Detector

K

‘(311)

(0

(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<I) when the diffraction 
condition for 622 planes of the thin film is satisfied.

From the above discussion it is clear that usual to-29 scans will not 

work in the case of asymmetric diffraction geom etries o f 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, ‘hgeQ’ 

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

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

(0-20 scan'',

2 A 0
E w ald Sphere

400.

300,3- 1- 1,

Att)p,=A0+A<I);

0 - 2-2 0220 - 1-1 01!

Defractometer circle

‘(3 - 1-1

(ii)(i)

(b)

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<I> 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 ‘nciO’ 

instead of 20 (where nci<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 hge and nci. and this is explained in the 

following paragraph.

One way to find Hge and nc i is to perform  a two dim ensional intensity 

m apping obtained by measuring a num ber of oj-20 scans along the reciprocal 

lattice vector for (311) planes of substrate for different (o offsets which 

eventually will include (622) reciprocal lattice point o f 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 m ap’(RSM ) and in 

Figure 3.19 (b) and (c) a typical contour plot o f RSM in GE and GI diffraction 

geom etries are represented with to along x axis and ca-20 along y axis. The 

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

From any of the RSM contour plots, approxim ate values of A0 and AO are 

obtained. The values are further refined in the following way.

In GE (or GI) diffraction geom etry the detector is moved by 2A 0  from 

the 311 (or 3-1-1) position and the sample stage is rotated by Ao)ge=A0-A<I> 

(A iog i= A 0 + A O ), where A 0 and A«I> are the approximate values obtained from 

the RSM. After this thin film peak is optim ized for the maximum intensity and 

two independent rocking curves o f 2 0  and to 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 2A 0  and the difference betw een sample stage positions at the 

thin film and substrate gives A coge = A 0 -A O  (A cogi= A 0 + A O ). From these 

optim ized values we can calculate the values of hge and hgi using the 

following equations;

(3.10)

s i n 0 c o s ( c o - 0 ) (3.11)

2A0
(3.12)

A 0-A 4>

2A6
(3 .1 3 )

A0-l-A4>
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( 6- 2- 2 )

A0 AO

u) offset
(3-1-1)

(e)

GE

(622)

A0AO

u) offset
(311

(b)

Figure 3.19. (a) Representation of the grazing exit (GE) and incidence (GI) reciprocal 
space mapping, (b) typical contour plot o f reciprocal space map (w-w-20 scans) in GE 
diffraction geometry and (c) in GI diffraction geometry.

“ PeakSplit”  software supplied by Bede Scientific Instruments Ltd. can 

perform a calculation of hge and nci by taking into account the strain present 

in the system as determined from the measurement of aj^and using a pre­

defined value of the Poisson ratio v (For Fc304 , 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 (o-n0 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 

ncE and nci.

Once the values of Dge and nci are determined, the co-DgeQ and co-HgiB 

asymmetric scans are performed from the respective substrate diffraction 

positions (i.e. (311) for GE and (3-1-1) for GI). Diffraction geometries of to- 

hgeQ and co-hgiO 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 co-HgeQ 

and co-hgiB asymmetric scans are shown in Figure 3.21 (a) and (b). The 

separation Acoge and Aojgi are then used to calculate accurate values of AB and 

AO using following equations;

_ A cOce +  A cOgi

A W p ,  —  A c O p K  A<I> = --------------- ^

(3.14)

(3.15)

CO (degrees)
(a)

CO (degrees)
(b)

Figure 3.21. Typical rocking curve for a asymmetrical co-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 AB and A<D in the following equation: 

sin0 , sin^>.
Hi|  — a .

sin(0j +  AG) s in ($ j + A4>)
(3.16)

where a* is the substrate lattice constant, Bs and 3>s 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 = 0i = Or) 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 = l - 8 - i p  (3.17)

where 5 and p represent the dispersion and absorption terms, which can be 

given by the expressions:

6 = (3.18)
2 %

where ro is the Bohr atomic radius, k  is the X ray wave length and He is the

N
electron density given by = Z — (3. 19)

A

where Z is the number of electrons per atom, Na is Avogadro’s number, A the 

atomic weight and p density. Z is usually replaced with a complex atom form 

factor f  = fg  + f  + i f  = Z + f  + i f  ■ The term /  + 1/  is due to dispersion 

and absorption and represents X-ray absorption edge. From these 

considerations 8 and p can be represented as:

= (3.20)
2 n  A

Figure 3.22. Scattering geometry used in XRR measurements.
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The real part of refractive index n . 1 - 8 ,  is connected to the phase-lag 

of the propagating wave and the imaginary part, p, corresponds to the decrease 

of the wave amplitude. 8 and p are small positive quantities of order 10'^ to 10' 

 ̂ 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 ni and H2 .

From Snell’s law:

riiCOsBi = n2Cos0t (3.22)

The critical angle 6c 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 (P = 0) and air (ni= 1) interface, the X-ray critical angle is given by;

COS0J-= = 1 - 8  (3.23)

Expansion of cosine for small angles leads Equation (3.23) to

0 ^
1 — ^  = 1 - 8  (3.24)

0c “  (3.25)

For incident angles greater than 0c (0 > 0c) 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
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bottom of the film surfaces results in interference fringes as shown in Figure 

(3.24).

Substrate

(a)

w-degree

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 0m is given by [13]

^ ( 2 m + l) } i  = 2 t 7 e ^ - 2 8  (3.26)

^ ( 2 m + l ) x  = 2 t V e i - 0 ^  (3.27)

where m is an integer. Considering two neighbouring m and m + lm ax im a and 

employing equation (3.27) we get:

^ ( 2 m + l ) ) .  =  2 t > ^ - 0 ^  (3.28)

^ ( 2 m + 3 K  = 2 t > ^ , , - 0 ^  (3.29)

Subtracting equation (3.28) from (3.29) gives
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1
(3.30)

2
C

For 0m »  0c equation (3.30) becomes

where A0m is the fringe spacing obtained from intensity oscillation during the 

reflectivity measurements. The thickness is often determined with a precision

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 co and x 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 -v e  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 co rocking curve is performed by 

moving sample stage with a fixed detector position. The maximum intensity 

position of co 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 co-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 co positions at which diffraction is found vary as the 

specimen is rotated about its surface normal (rotation of (p). A detailed

better than 1 A. The procedure for following the thickness measurement is
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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 ra 

positions for different positions of (p are optimised. A sine curve can be fitted 

on the plot of peak positions obtained during co scans against the corresponding 

values of (p. The miscut angle is the angle amplitude of the sine wave and the 

position of (p 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

ca = coo + a cos((p+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 

D1 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
Sample stage

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 

com prised all the beam conditioning m echanisms 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 o f the X-ray source. 

W ith correct optim isation of the source stage optics a sub-m illim etre beam 

could be achieved that m aintained its integrity over long distances (-1 5 0  cm). 

The x-rays were produced from a Cu K a l transidon and had a w avelength of 

1.5406 A. The intensity o f the X-ray beam  could be controlled via a system  o f 

rem ovable metal slits that could be placed in front of the source stage. The 

relevance of this shall become apparent shortly.

The sam ple stage was a two part system with the main part m ounted on 

a moveable table that allowed it to move in three separate directions, as 

indicated in Figure 3.10. The sample stage was com pleted by a rem ovable 

metal disk whose centre was m arked 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 m agnetically coupled to the main sample stage. The 

three angles o f m ovem ent were denoted to, cp and x- The co angle was the angle
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through which the sample stage could move around the x-axis and it had a 

range o f ~ 90° with a resolution of 0.18 arcsecond. The (p angle was denoted 

the rotation o f the sample and referred to rotation o f the sample around the z- 

axis. It had a range of 280“ and a resolution of 0.18 arcsecond. The x 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 o f 0.0025°. Adjustm ent of 

these three parameters constituted alignm ent of the diffraction planes in 

relation to the source x-ray beam.

The detector stage was also m ounted on a m oveable 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 dynam ic range of 0.5 cps to 50 M cps, 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 rem otely controlled with all param eters 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 m easurements which 

utilise the channel cut crystal stage are called Triple axis scans and 

measurem ents 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)
Transm ission electron m icroscopy is a powerful m ethod for obtaining 

information regarding m icrostructural 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 m icroscopy possess w avelengths o f about 4 pm which is m uch smaller 

than the w avelength of visible light (~500nm), and gives a much higher 

resolution than an optical microscope. A lot o f information can be gathered 

from the sample by using an electron m icroscope since electrons have a much 

stronger interaction with m atter than either visible light or X-rays. M ore details 

about TEM  can be found in references [14] and [15]. In the following sections
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a b rief qualitative description of the TEM  imaging m ethodology and 

instrum entation details of the TEM  used in the present work are given .

3.3.2.1 Imaging methodology

The main parts o f TEM  consist of a vacuum  system, a high voltage 

source and a colum n that consists of an electron gun, a condenser lens and 

apertures, a specim en holder, an objective lens system and objective aperture 

interm ediate and projector lens systems and an image recording facility. The 

vacuum  in the colum n is m aintained below 10’̂  m bar using various pum ps. 

Schem atic o f the TEM  imaging is shown in Figure 3.27.

The electrons emitted from a tungsten (W) filam ent 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 o f 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 determ ines the ultim ate 

resolution of the instrument. All the lens systems used are electro-m agnetic and 

are subject to aberrations.

The electrons transm itted through the sample can either be diffracted or 

scattered in the forward direction. This facilitates two modes of im aging 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 m agnification 

occurs in the intermediate and projector lens system which also plays a crucial 

role in determ ining whether a diffraction pattern or an image is formed. The 

diffraction pattern form ed in the back focal plane of the objective lens becom es 

the object plane of the interm ediate lens which further magnifies the diffraction 

pattern [15]. The back focal plane o f the intermediate lens becom es 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

Accelerating voltage 

Condenser lens

Sample

Objective lens

Objective aperture

Not used

SAD aperture

Back focal plane

Image plane

Interm ediate lens

► Projector lens

Objective aperture

SAD aperture 

Not used

Diffraction
pattern Final image

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],
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lens form s the object plane for the projector lens and the final image is form ed 

on a screen or photographic plate placed at the image plane of the projector 

lens. There are two main modes of im aging called bright f ie ld  imaging  and 

dark fie ld  imaging. The electrons which are scattered by the sample in the 

forw ard direction form the direct beam and this direct beam is used in 

brightfield  imaging. This is shown in Figure 3.28 (a). In bright f ie ld  imaging  

defects in the sample will scatter the direct beam and will appear as dark 

features in the image. In dark fie ld  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 form ing dark features.

Incident beam Incident beamy^xof^

Reflecting plane Reflecting plane
Sample Sample ^

»  Objective lens 4

Direct beam 'Diffracted beam Diffracted beamDirect beam

■perture •perture

(a) Bright Held 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 Instrum entation details

All TEM  m easurem ents of Fe304/M g 0 and Fe304/M gA l204 presented 

in this work were perform ed at Institut fiir Festkorperforschung, 

Forschungszentrum  Jiilich GmbH, D-52425 Jiilich, Germany. Structural 

defects were identified by conventional TEM  using a Philips CM 20 electron 

m icroscope with a side-entry double-tilt goniom eter stage and an assortm ent of 

specim en holders. This machine was able to operate between 80 and 200 kV in 

the im aging mode. Diffraction modes include convergent beam  diffraction for 

three-dim ensional structure inform ation and m icro-diffraction with a minimum 

probe size of 20nm.
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H igh-resolution im ages were obtained with a Philips CM 200 electron  

m icroscope, which was equipped with a CEOS double hexapole corrector. 

Adjusting a negative spherical aberration constant, Cs, o f  -40  jam and using the 

optimum overfocus setting o f  the objective lens o f  12 nm resulted in a directly  

interpretable bright-atom contrast and in m inim ized, sub-Angstrom  

delocalizations. [17]

In order for the electrons to pass through the sam ple, it has to be 

electron transparent. Therefore the sam ple or the regions to be analyzed have to 

be sufficiently thin (o f the order o f  hundreds o f  nanometers) which o f course 

depends on energy o f  the incident electrons and the density o f  the sample. In 

the present work m echanical thinning and Ar ion m illing were applied to obtain 

electron transparent areas within the TEM specim en.

3.3.3 Raman spectroscopy
Raman spectroscopy is an analytical technique based on detection of  

scattered light from an irradiated sample. A sm all portion o f  the scattered light 

exhibits a slight shift in wavelength due to m olecular vibrations in the sample, 

and this wavelength shift is used to analyze the sample. The interaction 

between this light and the chem ical bonds in the sam ple is known as the Raman 

effect. Raman spectra o f the different com pounds may be used as fingerprints 

to detect particular species [18,19]. The m ost com m on iron oxides and 

hydroxides such as hematite (a-FeaOs), m aghem ite (y-FeaOs), magnetite 

(Fe3 0 4 ) and goethite (a-FeO O H ) possess characteristic Raman spectra which  

are drastically different from each other [20]. In the present work, Raman 

spectroscopy was used to ascertain the m agnetite phase. A  qualitative 

description o f  the basic principles o f  Raman spectroscopy and instrumentation 

details are given in the follow ing sections.

3.3.3.1 Basic principles of Raman spectroscopy

W hen the sam ple is irradiated, m ost o f  the incident light is scattered at 

the sam e wavelength. This "elastic" type o f  scattering is known as Rayleigh  

scattering. H owever, a small fraction o f  the laser light w ill excite molecular 

vibrations in the sam ple and w ill be inelastically scattered, or scattered at a 

slightly different wavelength. The wavelength o f  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 o f intensity versus 

wavelength shifts expressed in wave num ber (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 ‘A nti-Stokes lines’. The Raman shift, Av, in wave 

num bers (cm '), is calculated using the following equation :

= —  -------------  —  (3.33)
1 I

Incident scattered

where >. is in cm. W hen a photon is absorbed by a m olecule 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 w avelength than the incident photon and forms

Stokes lines in the Raman spectrum. This is schem atically represented in

Figure 3.29. The virtual electronic state is not generally a true electronic state 

o f the m olecule but a com posite function involving all possible states such as 

rotational, vibrational, and electronic states [21].

u
Vc
U

▲

Virtual > 
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[....... r...............

Emitted
photon

photon
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photon
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photon

Vibrational levels ^
E=1

E=0
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Anti-Stokes
scattering

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.

S.3.3.2 Instrumentation details of Raman spectrometer

a) white light
b) Shutter for white light
c) CCD camera
d) Bright light reflected from the sample
e) Mirros
f) Shutter for laser
g) Incident laser beam

h) Scattered laser beam from the sample
i) Ar^ ion laser source 
j) M onochromators 
k) Detector
1) Objective lens 
m) Sam ple 
n) Sam ple Holder 
o) Vibration free table

Figure 3.30. Schematic representation of the Raman spectrometer.
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R oom  temperature Raman measurements were carried out using a 

Rainstiaw 1000 micro Raman system . A  schem atic diagram o f  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 M ulti-Line) with maximum  

power o f  -lO m W  (Although ~3m W  power was used for the measurements in 

order to avoid excessive  heating). The laser beam was guided to an objective 

lens o f  the Leica M icroscope with a specific m agnification (SOX m agnifying  

objective lens focus the beam into a spot o f  about l)im  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 o f  stopping the incom ing and scattered laser beam  

w henever required. The beam  was focused on to the sample by m oving the 

sam ple holder ‘n ’ as shown in the figure, which was capable o f  m oving in X, Y 

and Z direction. The scattered laser from the sam ple was then guided to the 

detector ‘k ’ as shown in the figure, through m onochromators ‘j ’. A  white light 

source ‘a ’ was provided for observing the sample using a CCD camera ‘c ’. 

This was used for the positioning o f  the sam ple to select the area o f scattering. 

The laser was isolated from falling on the sam ple using shutter ‘f  when ever 

C CD camera was used and when laser light was on the white light was isolated  

using shutter ‘b ’. (The actual arrangement o f  the shutters differs from the 

schematic). The w hole 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 com m ercial Fe304  powder are 670cm  ’, 540cm  ' and 308cm ''[20j.

3.3.4 Vibrating sample magnetometer (VSM) and

Alternating gradient field magnetometer (AGFM)
There are many m agnetom eters devised for the characterisation o f  

m agnetic materials, out o f  which only three different types o f  instruments are 

w idely used today. They are the Vibrating sam ple m agnetom eter (VSM ), 

H ysteresis meter (HM ), and the Alternating gradient field m agnetom eter 

(AG FM ). In the present work only V SM  and AGFM  were used for the sample 

characterisation. The V SM  and AGFM  are generally used to measure the 

m agnetic properties o f  materials as a function o f  magnetic field, temperature 

and time. Basic theory o f  operation and details o f  the instruments used are 

given in the fo llow in g  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 Ms at a certain 

applied field. When the field is decreased to zero the sample still holds certain 

value of magnetisation called the remanence Mr. Increasing the field in 

opposite direction will bring the magnetisation to zero at an applied field He 

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 Mr/M* 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

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 Fe3 0 4  samples and its connection with magnetoresistance behaviour is given 

in chapters 5 and 6.

As described in the preceding section 53.3.4, 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

Sample

Sensmg coils

Magnet

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

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

Piezoelectric 
sample holder

I Piezo Sensor

Sample

Gradient coils

Magnet
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Figure 3.33. Ttie alternating field gradient exerts an alternating force on the 

sam ple proportional to the magnitude o f the gradient field and the magnetic 

m om ent o f the sample. The resulting deflection of the extension is transmitted 

to the piezoelectric transducer. The output signal from the piezoelectric 

elem ent is synchronously detected at the operating frequency of the gradient 

field. The signal developed by the piezoelectric elem ent is greatly enhanced by 

operating at or near the mechanical resonant frequency of the assembly. 

Generally a built-in software function autom atically determ ines the mechanical 

resonance and sets the appropriate operating frequency for the sample under 

study.

AG FM  is a w idely accepted technique in m agnetic metrology because 

of its high sensitivity. The sample size that can be used on the AGFM is 

sm aller in area com pared with that o f the VSM by a factor of 10 to 100 

(typically 1 to 5mm square for the AGFM  com pared with 6 to 10mm square for 

the VSM ). Therefore, the difference in the signal to noise ratio between the two 

instrum ents 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 (l-3nm ) and very small 

m agnetisation. The piezoelectric sample holder of the AGFM  is fragile and 

expensive and must be operated at the resonance frequency o f the sample 

holder. Since the resonance frequency depends on the mass of the sample/ 

substrate com bination, it is required to re-tune to the resonance frequency for 

every new sample. If the magnetic mom ent is very low, then the automatic 

tuning doesn’t work and the user has to do it manually. For AGFM  the 

m easured m om ent is very sensitive to the sample placem ent due to the gradient 

field and should be optimized for each sample. The AGFM  is also very limited 

in m easuring samples with large magnetic moments.

3.3.4.2 Details of VSM and AGFM used in the present work

M agnetisation m easurements were perform ed in a M icroM ag™  M odel 

3900 VSM  system  and a M icroM ag™  M odel 2900 AGFM  system 

m anufactured by Princeton M easurem ents Corporation USA, M odel 3900. 

VSM had high sensitivity ( l^ em u  (or lO'^A-m^) at 1 second per point), a fast 

four-quadrant pow er supply and a 2 inch laboratory electrom agnet with 1 Tesla 

field. Precision X, Y, and Z  translation stages permit fast and accurate sample
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placement. Anisotropy m easurem ents 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.

A ctually the VSM  and AGFM  units were integrated into the same 

m agnet and control unit. It was able to interchange between the two 

configurations, with out any com plications, w henever required. The Model 

2900AGFM  system had extrem ely high sensitivity (lOnemu (or 10 "A-m^) 

rm s-corresponding to less than 50pg o f iron) and high speed o f measurement 

(100 ms per point). The system accom m odates 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 tem perature 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 M agnetic M oment 

Standard- Yttrium Iron Garnet Sphere (YIG) supplied by National Institute of 

Standards and Technology (NIST). The sensitivity of VSM system was 1 (lemu
9 2(10 ' A-m ) standard deviation (room tem perature operation. Is averaging time) 

and for AGFM  it was 10 nemu (10‘"A -m ^) standard deviation (room 

tem perature operation. Is averaging time)

3.3.5 Electrical resistivity measurements
In this section, the experimental details o f low temperature resistivity 

and m agnetoresistance m easurements are given. The DC resistivity of the 

sample was m easured with a HP 34401A M ultimeter, in the standard four 

probe configuration. Electrical contacts were made on the sample using quick 

drying silver paint (Agar scientific. Batch num ber 0294) and ultra thin copper 

wire. The silver paint was diluted w ith Iso-Butyl-M ethyl-Ketone (Agar 

scientific. Batch num ber R1272).

The low tem perature m easurem ents were carried out using two closed 

cycle refrigeration (CCR) systems (CTI-Cryogenics 8200 Com pressor 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 m ounted on a copper sample holder 

using GE varnish (Oxford Scientific, w hich is a good thermal conductor but an 

electrical insulator) and was attached to the cold finger of the cryocooler using



85
brass screws in CCR 1 and directly screwed in to the cold finger in C CR 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’.

Com puter

V acuum  shroud.

C om pressor Radiation shield

Sample

C ontact wires

D igital M ultim eter

ChannelC ryocooler

Channel

Channel

V acuum  pump

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

The radiation shield provided better tem perature 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 m ultim eter via an electrical 

feed-through. A relay circuit was also included in the connections to facilitate 

m easurem ent of up to three samples at a time.

The com pressor supplies com pressed He gas into the cryocooler and 

there it expands using the heat supplied from the cold finger and eventually 

reduces the tem perature of the sample stage. The tem perature of the sample 

was controlled by a Lake Shore 330 Tem perature 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 com pressed helium  from the compressor. The temperature of the 

sample stage was monitored using a GaAlAs therm om eter with an accuracy of 

+0.05K. In this m anner it was possible to set a fixed tem perature or to ramp 

the tem perature with a constant rate, within the tem perature 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 

m agnetic field is called m agnetoresistance (MR) and is defined as:
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M R o/o . ‘^*H)-R(Q)
R(0)

For the measurement of magnetoresistance the cold finger (with 

sample) was inserted in to a magnetic field. For CCR l, 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 

ilm T esla  and orientation of the field with an accuracy of ±0 .Idegree, in a 

desired direction. Figure 3.35 shows the photograph of CCRl 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- 

ElOV) 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 rotated in order to apply field in different directions of the sample. The 

entire system of CCRl 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 Fe3 0 4  thin tilms

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 (tc) 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 Fe304 films.

MgO is an ideal substrate for epitaxy of magnetite (Fe304) because the 

difference in oxygen sub-lattice size of MgO and Fc304 gives a small lattice 

mismatch of 0 .33%. Consequently, there are many investigations dealing with 

the growth of epitaxial thin films of Pe304 on MgO using a variety of 

deposition techniques [2-7]. There are also a few reports concerning the growth 

of Fe304 on MgAh04, sapphire. Si and GaAs substrates [[8- 10]. It has been 

noted previously [6] that the Pe304 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 |i,m 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 Fc304/Mg0 

hetero-epitaxy. The first one is due to the fact that the lattice parameter of MgO 

is half that of Fe304 leading to disruption of translation symmetry. The other 

one is due to the reason that Fe304 (Fd3 m) 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 .

M gAh04 has the normal spinel structure and the lattice constant is 

0.80831 nm. In the normal spinel structure the Mĝ "̂  and Al̂ "̂  ions occupy the 

tetrahedral and octahedral sites respectively. For Fe304/MgAl204 system the 

lattice mismatch is much greater (3.9%) and films are found to be relaxed in 

agreement with the theoretical models. Since MgAl204 has the same spinel 

type crystal structure and symmetry as that of Fe304, formation of APBs are 

not expected for the films grown on MgAl204. However, the presence of APBs 

in Fe304/MgAl204 system has been reported [11].

The differences in crystal structure and symmetry of the MgO and 

MgAl204 substrates with Fe304 prompted us to look at the strain relaxation 

behaviour of Fe304 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 Fe304 films grown on 

MgO ( 100) and non-anomalous strain relaxation behaviour of ( 100) oriented 

Fe304 films grown on MgAl204 ( 100) substrates.

4.2. Experiment
The Fc304 thin films (thickness: 45-700nm) used in the present study 

were grown on ( 100) oriented MgO and MgAl204 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 2x 10’ 

'°Torr. The substrates were cleaned in-situ at 600°  C in 5x l0 '^Torr oxygen for 

two hours. Growth of the Fe304 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 o f  1x10'^ Torr. R eflection high energy  

electron diffraction, RHEED, (STAIB Instruments) was used to monitor the 

growth m ode and growth rate (0.3 A/s).

M agnetization measurements were performed using an alternating

gradient field m agnetom eter (M icrom ag-3900, Princeton M easurements, U SA) 
-8 1 1 2with a sensitivity o f  10' emu (10" A -m  ). The m agnetization verses field (M - 

H) loops were measured at room temperature by applying the m agnetic field  

(m axim um  field  o f  lOkOe) in the film  plane along the < 100>  direction. The 

diam agnetic contribution from the M gO substrate was subtracted from the 

measured data by performing a M -H loop o f  the M gO substrate o f  similar 

dim ensions as that o f  thin film  sam ple, in the sam e field  range. The uncertainty 

in measuring the absolute value o f  m agnetization for the film s was about 1 % .  

R oom  temperature Raman spectroscopy was performed in the backscattering 

configuration using Rainshaw 1000 M icro Raman system . The Ar^ ion laser 

(514.5 nm) was used for the Raman measurements.

Structural characterization o f  Fe304  thin film s was done using a multi­

crystal high-resolution x-ray diffractometer, HRXRD (B ed e-D l, Bede, UK). 

The HRXRD in double or triple axis configuration was performed to confirm  

the epitaxial relationship o f  the Fe304/M g 0  and Fe304/M g A l204  hetero­

epitaxy. The in-plane (an) and out-of-plane (ax) lattice parameters were 

determined from the analysis o f  co-20 scans measured around the symmetric 

(200) and asym m etric (311)  diffraction planes com m on to the substrate and 

thin film.

To study the coherency o f the thin film-substrate interface and the 

m orphology o f  the A PB s transmission electron m icroscopy (TEM ) was 

em ployed using cross-sectional and plan view  sam ples. M echanical thinning 

and Ar ion m illing was applied to obtain electron transparent areas within the 

TEM specim en. Structural defects were identified by conventional TEM using  

a Philips CM  20 electron m icroscope operated at 200  kV. High-resolution  

im ages were obtained with a Philips CM  200 electron m icroscope, which was 

equipped with a CEOS double hexapole corrector.
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4.3 Results and discussion
4.3.1 Studies on Fc304  (I00)/Mg0 (100) system
4.3.1.1 RHEED measurements

R eflection high energy electron diffraction, was used to m onitor the 

growth m ode and growth rate.

o ^  --
o o £, o

(b)
Figure 4.1 R H EED  pattern o f (a) M gO  substrate and (b) 70 nm th ick  F630 4  film  
along the (100) azim uth.

Figure 4.1(a) shows the RHEED pattern o f  the M gO (100) single  

crystalline substrate measured along the < 100>  azimuth after fo llow in g the 

cleaning procedure described in the experimental section. It show s vertical 

lattice rods and radial Kikuchi lines indicative o f  w ell ordered and flat surface. 

After the growth o f  two m onolayers (ML) o f  iron oxide thin film s, half order 

lattice rods appear in the RHEED pattern located in the m iddle o f  lattice rods 

corresponding to MgO, indicating the formation o f  Pe304 . Figure. 4 . 1(b) show s  

the RHEED pattern o f  a 70 nm thick Fe304  thin film  measured along the 

< 100>  azimuth. The lattice constant o f  m agnetite as determined from RHEED  

im ages is 8 .4 ± 0.1 A. The appearance o f  half order streaks is accom panied by 

the oscillations in the intensity o f  specularly reflected beam. The RHEED  

patterns were similar for all other film  thicknesses. Period o f  oscillation  

corresponds to the growth rate 0.3 A/s and confirm s that the film  growth occurs 

in a layer-by-layer m ode. Figure 4 .2  shows RHEED intensity oscillations  

corresponding to a growth rate o f  0 .3 A/s. W ithin the w indow  o f  growth

(a)
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conditions, we never observed tiie formation of any iron oxide phase (FeO and 

y-Fe2 0 3 ) other than magnetite.

c
3

C
<L>
C

0
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 Fe304 phase. The excitation wavelength used was 514.5nm from 

an Ar"̂  ion laser (Laser Physics Reliant 150 Select Multi-Line) with maximum 

power of -lO m W  (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 (SOX 

magnifying objective lens focus the beam into a spot of about 1 pm size).

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

shifts corresponding to Fe304  phase at 662.82, 533.70 and 302.63 cm~l 

(±0.01cm ') 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 Fe304  (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 Fe304  films having various thicknesses grown on 

MgO substrate and the results are tabulated in Table.4.1.
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Film thickness
70nm

120nm
200nm
400nm
700nm

tn
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Raman Shift (cm'^)

F ig u re  4 .3  Ram an sh ifts observed for F e304  film s having various th icknesses grown  
on M gO  substrate. Curves are sh ifted on the vertical axis for clarity.

Sample Raman Shift (cm ') 

(+0.01cm‘)

Bulk Pe304 670 540 308

70 nm Fc304 662.8 533.7 302.6

120 nm Fe304 662.8 533.7 302.6

200 nm Fe304 662.8 533.7 302.6

400  nm Fe304 662 .8 533.7 302.6

700 nm Fe304 662.8 533.7 302.6

T a b le  4.1 Ram an sh ifts observed for F e304  film s having various th icknesses grow n on 
M gO  substrate.

4.3.1.3 Magnetization measurements

M agnetization measurements on different thickness m agnetite film s  

showed that it was possible to saturate the film s o f  thickness greater than 120 

nm with a moderate m agnetic field (5-8 kOe). The saturation magnetization, 

Ms, measured at room temperature for the Fe304  film s (>120 nm) on M gO
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Figure 4.4 Magnetization curve obtained for 700 nm epitaxial magnetite 
film grown on MgO substrate.

Sample Thickness

(nm)

Ms

(lOkOe)

xlO^(A/m)

Fe304/Mg0

45 468

120 472

200 475

400 473

700 475

Table 4.2 Summary of the magnetization (M) at lOkOe field for the epitaxial 
magnetite fdms 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 Ms are in agreement with the Ms value for bulk magnetite 

(480x10^A/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 inabihty to saturate epitaxial Fe304 films has been 

attributed to the presence o f APBs [6,7]. An increase in M  and a reduction in 

slope o f 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 

o f 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.

Film thickness
 45nm

70nm 
120nm 

 200nm

0.01

100 150 200 250 300
T(K)

Figure 4.5 Verwey transition observed for Fe304 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 Fe304  film
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Sample Thickness

(nm)

Resitivity at 

300 K 

(Ohm-cm)

Verwey 

Transition 

Temperature (K)

F e304/M g 0

45 0.015 108.0

70 0 .0100 114.0

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.

sto ich iom etry  (see chap te r 2), the observa tion  o f  V erw ey transition  confirm s 

that the  film s are sto ich iom etric . T he enhancem en t in resistiv ity  w ith  reduction  

in film  th ickness is due to a decrease  in APB dom ain  size o r increase in A PB  

density  w ith reduction  in th ickness [13]. The resistiv ity  resu lts also  support our 

conc lusion  that the separation  betw een  the A PB s in F c304/M g 0  film s is 

th ickness dependen t and it increases w ith an increase in film  th ickness. T he 

resis tiv ity  resu lts are sum m arized  in T able 4.3.

4.3.1.5 HRXRD measurements

F igu re .4 .6  show s the 00-20 scans (m easured  in  trip le -ax is configuration  

at room  tem peratu re) fo r the (200) and (400) sym m etric  B ragg reflec tions o f  

M gO  and  film  respectively  for d iffe ren t th ickness (70-700  nm ) P e304 film s.

T he horizontal axis in the figure is show n w ith  reference  to  the B ragg 

angle o f  the (200) reflec tion  fo r M gO  substrate. T he curves are shifted  along  

the vertical axis fo r clarity . T he bo ttom  and top  m ost curves belong  to  70  nm  

and 700  nm  th ickness respectively . T he fu ll w id th  at h a lf o f  m axim um  

(F W H M ) o f the film  peak  decreases w ith  increasing  film  th ickness, up to a 

th ickness o f  200  nm , and rem ains constan t fo r fu rthe r increase in th ickness. 

T he F W H M  for film  peak w as found  to  be 0.03 to  0 .015“ fo r 70  nm  and 700  

nm  th ick  film s respectively . The FW H M  for the film  peaks are com parab le  to  

that o f  the substrate (0 .008-0 .009°). T he value o f  a i  for the Fe304 thin film s 

w as determ ined  from  the separation  o f  f ilm -substra te  peaks (0 .14605“) and w as
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found to be 0.83717 nm within the experimental accuracy (±0.00005 nm). 

Independent co-rocking curves for film and substrate peaks indicated that the 

mosaic spread in the Fe3 0 4  thin films was comparable to that of the substrate.

BO
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Figure 4.6 The (0-26 scans for Fej0 4  films with different thickness on MgO (100) 
substrates, measured for symmetric (200) Bragg reflection common to substrate and 
thin film. Curves a, b, c and d corresponds to 70, 200, 400 and 700 nm film thickness 
respectively. Curves are shifted on the vertical axis for clarity.

The co-n0 (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 Fe3 0 4  film, in grazing exit geometry 

((0=62.5685, 20=74.6582), are shown in Figure.4.7. A value other than 2 of 

the angular ratio 20/co was required to detect the thin film peak through a 

single co-n0 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  th ick n ess film s resp ective ly . T he a|| w as found to be 0 .8 4 2 6  nm  for all the 

film s , w ith in  the experim enta l accuracy, ex a ctly  tw ice  the substrate lattice  

constant. T he va lu es o f  ax  are con sisten t w ith  the va lu es estim ated  through  

ind epend ent sym m etric  co-20 scans.
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F igure 4.7. The (O-nG scans for Fej04  films with different thickness on MgO (100) 
substrates, measured for asymmetric (311) Bragg reflections common to substrate and 
thin film. Curves a, b , c 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 tw o-d im en sion a l contour p lot o f  x-ray d iffraction  

in ten sity  as a fu n ction  o f  reciprocal lattice  vectors Q (x ) and Q (z) for the 7 0 0  

nm  thick  P e304  f ilm  on M gO  perform ed around the (2 0 0 ) /(4 0 0 ) Bragg  

reflection  is sh ow n  in F igure 4 .8 . T he reciprocal lattice vectors Q (x ) and Q (z)  

represent the in -p lane (1 1 0 ) and ou t-o f-p lan e (1 0 0 ) d irection s resp ectively . T he  

p osition  o f  in ten se substrate peak is adjusted to  the bulk  M gO  (a = 0 .4 2 1 3  nm ) 

p osition . T he strong sharp peak  corresponds to (2 0 0 ) reciprocal lattice point 

(R L P ) o f  M gO  and other w eak er one at h igher Q (z ) p osition  corresponds to the 

(4 0 0 ) R LP o f  P e304  thin film . B oth  the substrate and thin film  R LPs sh o w  a 

broadening a lon g  the Q (x ) d irection  w h ich  is in d icative o f  m osa ic  spread in the 

M gO  crystal. T he m osa ic  spread in  the P e304  thin film  is com parable to that o f
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the substrate. T he value o f  a i  fo r the Fe3 0 4  th in  film  determ ined  from  the film  

peak  position  along  Q (z) d irec tion  in the RSM  and film -substra te  peak 

separation  (0.14605°) from  independen t (0-20 scan is 0 .83717 nm.

4780

i  4765

4750 (200) MgO

4735
10 -5■15 0 5 10 15

Q(x) nm '
Figure.4.8 Reciprocal space map of 700 nm thick Fc304 film on MgO measured for 
symmetric (200)/(400) Bragg reflections common to substrate and thin film.

T he H R -X R D  resu lts show  tha t the film s grow n on M gO  rem ain  fully  

coheren t up  to 700 nm  th ickness on the M gO  (100) substrate. T his w as the 

largest th ickness w e could  grow  w ith  the M B E  due to the sm all g row th  rate 

(0.3 A /s) used. M oreover, w e w ere concerned  w ith  grow ing film s under 

identical cond itions to  m ake sure tha t there w ere no varia tions in the film  

quality  that could  com plicate  the com parison  o f  the strain  relaxation  behaviour.
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From the detailed structural characterization, we infer that the film s 

grown on M gO substrates remains fully coherent up to 700  nm thickness. The 

lack o f  strain relaxation in Fe304/M g 0  up to 700 nm thickness is a totally  

unexpected result. For Fc304 film s on M gO (100) we expected a significant 

amount o f  strain relaxation at a thickness o f 700 nm, which is much greater 

than the estim ated value o f  critical thickness, tc, (60 nm) for strain relaxation  

on the basis o f  w idely  used M athew and B lakeslee’s (M -B) m odel [1], details 

o f  w hich is given in the discussion part.

4.3.1.6 TEM Studies

To check the coherency o f  the interface w e performed TEM studies on 

Fc304 film s. Figure 4 .9  show s a cross-sectional TEM  bright field im age o f  a 

Fe304-M g 0  interface. A ccording to the (220) two beam im aging conditions 

chosen, A PB s are characterized by distinct contrast fluctuations. The network 

o f A PB s is observed to be denser close to the interface. The typical separation 

between A PB s within the upper part o f  the film  is about 100 nm. This is also  

confirm ed by the plan-view  im age, which shows the upper part o f  the film  

(Figure 4 .10  and figure 4.11). Again (220) two beam imaging conditions were 

applied to visualize the A PBs. Due to their inclination towards the electron  

beam, som e o f the A PBs display fringe contrast. Apart from the A PBs no 

structural defects, such as dislocations were observed, no matter which im aging  

condition was chosen. The high resolution electron micrograph (Figure 4 .12)  

displays the interface between the M gO substrate and the Fc304 film . W hite 

atom contrast was obtained according to the negative Cs im aging conditions 

chosen. The interface was observed to be com pletely coherent.

The network o f  A PBs is form ed during the coalescence o f  the initial 

spinel nuclei [2,3,6]. W hile the oxygen sublattice o f  different islands coalesces  

without form ing any defects, various arrangements o f cations in the spinel 

islands result in the formation o f  APBs. In our case, the system atic variation o f  

separation between A PBs, 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 o f  structurally shifted domains is not an
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uncom m on  fea tu re  and has been reported  prev iously  by  o ther researchers for 

the case o f  G aA s/S i and G aA s/G aA s [14,15].

MgO 100 nm

Figure.4.9. Cross-sectional TEM image of 400 nm Fc304/M g0  recorded under two 
beam conditions for (2-20) spinel diffraction showing the presence of APBs in the 
Fc304  film.

I

*'5
250 nm

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 
Fej0 4  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 Fe304 film grown on 
MgO substrate.

Figure.4.12. High resolution cross-section TEM image of 400 nm Fe304/M g0  in 
(100) orientation taken with a Cs=-40|jm and at overfocus. Accordingly, white atom 
contrast is obtained. Arrows mark the Fe304-Mg0  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 <1I0> 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 

Fe304/M g0  heteroepitaxy, it is important to furnish the details of critical 

thickness, tc, 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 tc [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 Ft and F] as shown in the figure 4.13. F^ is 

the force exerted by the misfit strain and Fi 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= te. 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 (c) incoherent. Reproduced from [1]
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T he d isloca tion  geom etry  (a) co rresponds to  the coheren t case  w here 

max (the m axim um  value o f  Fe ) is less than 2 Fi , (b) corresponds to  the 

critica l case w here F j ^nax = 2 Fj and (c) co rresponds to  the incoheren t case

w here  F^ ^ax  >  2 F i . T he critical th ickness at w hich F,

t„ =
4 ti (1 +  v )e

■ f t  ^ ■
In +  1

l b ;

E max = 2Fi is given as:

(4.1)

W here b is the B urger vector, e is the m isfit strain  ( e = (axF-asV as » S t f  and as 

being  the film  and substra te  la ttice param eters) and v is the P oisson  ratio. The 

M B m odel w as refined  by F ischer, K uhne and R ich te r (FK R ), by  tak ing  into 

consideration  the in te raction  betw een  d isloca tions em ploy ing  the im age force 

approach  [16]. C ritica l th ickness tc estim ated  using the approach  y ie lds better 

ag reem ent w ith the observed  results. T he critica l th ickness given by th is m odel 

is :

bcos>w
1 + ln

v b y

1 - ^
4

47t ( l +  v)cos^X.
(4.2)

w here X is the angle betw een  the B urger vec to r and the d irec tion  in the 

in te rface  norm al to the d islocation  line. By using  the experim en ta lly  ob ta ined  

value o f  V = 0 .30  (estim ated  by m easuring  an and  a± from  the asym m etric  

B ragg reflec tion  perfo rm ed  in grazing  ex it and  grazing  inc idence geom etries) 

and B urger vec to r values o f  0 .59580  nm , this m odel g ives a value o f  tc o f  70 

nm  fo r the P e304  /M g O  system . F igure 4 .1 4  show s the ca lcu la ted  equ ilib rium

in-p lane strain , en̂

Ei, -■
^ F e jO iT F  ^F e jO jb u lk  

^F c jO ib u lk

(4 .3)

u sing  the F K R -m odel fo r  F e304  film s on M gO  as a function  o f  th ickness along 

w ith  the m easured  experim en tal data.

It is ev iden t from  th is figure  tha t the observed  and ca lcu la ted  values are 

not in agreem ent. F or F esO ^M g O  hetero -ep itaxy , no relaxation  is observed  up 

to  700  nm . T his th ickness is abou t an o rder o f  m agnitude la rger than  p red ic ted
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by the FKR model. In an earlier study, Margulies et al [6] have mentioned 

about the partial relaxation o f strain in films much thicker than the critical 

thickness o f strain relaxation. Even at 6.6 |j,m thickness the films do not exhibit 

fu lly  relaxed state. Although, they noticed this feature, the issue o f anomalous 

strain relaxation behaviour was not addressed, as this was not the main focus of 

their investigations. Kale et al [9] explained some o f the anomalous features 

observed in the magnetic properties of Fe304 films on MgO and M gA l204 

substrates on the basis o f critical thickness calculations. It was not clear from 

their investigations that whether the Fe304/M g 0  films did exhibit anomalous or 

normal strain relaxation behaviour as no details on the structural 

characterization was provided.

0 .0 0 4 5

0 .0 0 3 0

0 .0 0 1 5

0.0000
200 400 600 800 10000

Thickness (nm)

Figure.4.14 Comparison of experimentally observed values of the in-plane strain, ej, 
with the FKR model predictions for the Fe304 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 o f elastic energy in Fe304/M g0  hetero-epitaxy, we 

need to analyse the crystal structure differences between MgO and Fe304 . One 

could suggest that the structure o f Fe304 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 

o f the magnetite unit cell in our films, which is sensitive to deviations from
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stoichiom etry, remains constant. In addition to structural investigations the 

V erwey temperature o f  the film s was also measured using the four-probe 

resistivity technique. As the V erw ey temperature is highly sensitive to 

deviations from stoichiom etry, its presence in all the film s (Table.4.3) further 

confirm s that the film s consist o f  stoichiom etric magnetite.

Another reason for the lack o f  strain relaxation at much grater thickness 

in this hetero-epitaxial system  is possib ly related to the difference between the 

crystal sym m etry o f  the film  and substrate, which leads to the formation o f  

APBs. A PB s can be formed due to the different translation and rotational 

sym m etries o f  Fe304  and M gO. There are two kinds o f  A PB s resulting from  

the disruption o f  translation sym metry. These correspond to half and quarter 

lattice constant shifts along the < 1 00>  and < 1 10> directions respectively. The 

third type o f  APB results from the disruption o f  rotational symmetry, w hich is 

equivalent to an out-of-plane shift by a quarter o f  a lattice period. The structure 

and form ation o f  these A PB s are discussed in chapter 2.

W e suggest that the presence o f  A PBs influences the strain relaxation  

behaviour o f  the Fe304  film s. A lthough the symmetry faults leading to A PB s  

formation are easy to figure out, the detailed structure o f  the APBs on the 

atom ic level is unclear. At present, there is not enough experim ental data to 

provide an understanding o f  the issue. The region around an APB could be 

nearly stoichiom etric or substantially non-stoichiom etric since the spinel 

structure itself contains a large amount o f  vacant A and B sites. Therefore, the 

total energy o f  the APB depends on its shape, size, number o f  erroneous bonds, 

nearest neighbour interaction and the atom ic arrangement in its vicinity. The 

APB is a static defect and one might expect that when the growth o f  the first 

m onolayer (M L) o f  Fe304  is com pleted, these dom ains would grow vertically, 

so that the film  thickness does not affect the density o f  the A PBs. H ow ever, 

this is not the case as reported by others [13].

Our results suggest that the presence o f  A PBs is responsible for the 

observed strain relaxation behaviour. It is reasonable to expect that the 

m echanical properties o f  a single APB are different for the two directions: 

along and perpendicular to the A P B ’s plane. The growth o f  A PB s is also  

known to be strongly anisotropic with respect to the film  surface, i.e. the 

density o f  A PBs with planes directed substantially perpendicular to the surface 

o f the film  is significantly different to that o f  the A P B ’s with planes



(b)

• -Fe^+/Fe^  ̂Octahedral
•  - 0 2 -

Figure. 4.15 Schematic diagram of an antiphase boundary formed in Fe3 0 4  films 
grown on MgO (100) substrate assuming a perfect oxygen sublattice; (a) with V2 [100] 
shift vector along the <010> direction and (b) 'A <100> shift vector along <1-10>  
direction.



APB
(b) 
• -Fe^VFe^+ Octahedral 
• - Q 2 -

Figure. 4.16 Schematic diagram of a rotational type antiphase boundary aligned along 
[110] direction showing two different possibilities o f (a) higher coordination for 
anions at the boundary and (b) lower coordination for anions at the boundary.
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substantially parallel to the surface. C onsequently, elastic properties o f  the film  

in the direction perpendicular to its surface are different from those along the 

surface. Therefore the entire film  no longer has the elastic properties o f  a 

material w ith cubic symmetry but rather o f  one with a low er sym m etry. In 

terms o f  the elasticity tensor (Eatixv), the tensor o f bulk m agnetite has 3 

com ponents similar to that o f  any cubic material whereas the Fe304/M g 0  film  

must have a greater number o f  com ponents. Therefore the m odel o f  strain 

relaxation that fits w ell for cubic/isotropic material without A PB s does not 

necessarily fit ones with lower sym metry o f  elasticity tensor. This suggests that 

the presence o f  A PB s w ill affect the strain relaxation behaviour in the 

Fe304/M g 0  system . Our m echanism  in volves the consideration, that there is no 

reason w hy APB should be based on a perfect oxygen sublattice. The m odels  

o f  A PBs do invariably assum e that the oxygen  sublattice is stoichiom etric and 

is in perfect match with that o f  the substrate. There is no justification for this 

assumption. On the contrary one should expect that this is not the case. W e 

shall illustrate this point using several exam ples o f  APBs. Figure 4.15 (a) 

shows the APB based on the 1 /2< I00>  lateral displacem ent fault. The direction  

o f  the APB in this exam ple is along < 0 1 0>. Figure 4.15 (a) show s the 

hypothetical “perfect” APB in which the anionic sublattice is perfect. In 

general, a perfect APB will be unstable due to charge pileup. Therefore, one 

could expect that the cations w ill be redistributed to achieve a local charge 

neutrality. If one considers the details o f  the film  growth process, it should be 

expected that on the contrary, som e anion positions should be vacant. Indeed 

growth o f  the film  im plies that the M gO surface is showered by Fe atom s and 

they react with the oxygen in the environm ent o f  the chamber to form  

magnetite. W ith this m echanism  in mind, the oxygen pressure in the cham ber is 

adjusted to form the correct phase o f  iron oxide. The oxygen pressure required 

for the growth o f  a particular iron oxide is representative o f  the reactivity o f  

iron on the surface. N ow  w e can appreciate that the surface reactivities (affinity  

o f  oxygen) o f  the sites a  and p are different. It is also different from the 

reactivity o f  the sites away from the APB (e.g. site y). One should expect that 

the sites a  are likely to remain vacant as they are located away from the Fe 

ions and thus oxygen  affinity at these is reduced. Another exam ple is shown in 

Figure 4.15 (b). This involves the APB formed by '/4<110> lateral 

displacem ent fault that is directed along < 1-10> . In this case the anions located
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directly at the APB have a different cationic coordination than those in the area 

away from the A PB, again prompting a different reactivity. M oreover, even for 

the A PB based on the sam e type o f  fault and having the sam e boundary 

direction, there are numerous possibilities for defects in the anionic lattice. 

Figures 4 .16  (a) and (b) show s two possib le cases o f  the APB caused by a 

rotation fault and aligned along < 1 10>. One can appreciate that in the case o f  

Figure 4 .1 6  (a) the coordination number o f  anions at the APB is greater than 

that away from the APB. The situation is reversed in the case o f  Figure 4.16  

(b). At present there is not enough experim ental data to provide atom ic scale 

information on the APB structure, however it is clear that the com m on  

assum ption o f  the perfect oxygen  lattice is unlikely to be correct. One should 

further expect that APB with vacant oxygen sites develop a com pressive strain 

in the film . Such a com pressive strain should have a strong im plication on the 

strain relaxation behaviour in the Fe3 0 4 /M g 0  (100) hetero-epitaxial system. 

Therefore, the film  containing A PBs can be represented by areas having a 

different sign o f  strain, i.e. the dom ains under an in-plane tensile strain due to 

lattice m ismatch, joined by the boundaries im posing a com pressive strain onto 

the dom ains. This alteration o f  areas within the film  having opposite kind o f  

stress w ill reduce the overall strain experienced by the film  and decreases the 

free energy o f  the system . It enables the system  to maintain the fully  strained 

state m uch above the tc- It has been noted previously [22,23] that in thin film s 

containing structurally shifted dom ains, a com pressive strain develops at the 

domain boundaries. This is a situation similar to the one in super-lattice hetero­

structures where one can grow an overlayer o f  large mismatch on a substrate 

by grow ing it in alteration with the layer o f  another material that com pensates 

for the m ismatch strain. The effective stress experienced by the film  will be 

strongly influenced by the density o f  A PB s and their orientation and size. 

Therefore, depending on the density o f  the A PBs and their type, one can 

observe a pattern o f  strain relaxation critical thickness for the film s containing  

APBs.

W e could further propose that the com position o f  the APB and the 

number o f  defects in it could be affected by the strain. For exam ple, it is known 

that the affinity o f  the Fe surface to oxygen is affected by the value o f  stress in 

the Fe film  [24]. One would therefore expect that the stoichiom etry o f  the APB 

and the number o f  defects and vacancies in the film  may be affected through
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the feed back  m echan ism . T he feed b ack  cou ld  b e either p ositive  or n egative , 

thereby creating additional d efects  in the A P B s, w h ich  resp ectiv e ly  act to 

reduce or increase the overall strain in the film .

Further, due to the anisotropic stress accom m od ation  by  A P B s, as the 

density  o f  A P B s d ecreases w ith  film  th ick n ess, the in -p lane strain that is

7200
  Surface normal

Normal to the lattice planes 
■ Relaxation line

T  7160a

o
7120

(622) Fe304

(311) MgO

7080

3362 3360 3358 3356 3354 3352

Q(x) |a,m >
Figure 4.17 Reciprocal space maps around the (311)/(622) Bragg reflection in grazing 
exit geometry for 700 nm thick Fe304  thin films on MgO (100) substrate. The vertical 
line shows the direction normal to the growth plane and the dashed line show the 
direction o f relaxation. Direction normal to the (311) planes are also shown. A long the 
x-axis Q(x) is plotted fan=V2xlOVQ(x)) and Q (z) along the y axis (ax = 3xlO ‘*/Q(z))

induced by them , accord ing  to our m od el, ch an ges w ith th ick n ess. T herefore  

the upper part o f  the film  c lo se  to the surface and its lo w er  part c lo s e  to the 

in terface w ill have d ifferen t strain va lu es. T his m ust b e reflected  in sm all 

ch an ges o f  in -p lane and ou t-o f-p lan e lattice  constants as a function  o f  depth  

w ithin  the film  and therefore, sm earing o f  the d iffraction  peaks, as ev id en t  

from  the broadening o f  the F W H M  for thin film  peak ob served  in trip le-ax is
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geometry (311) rocking curves. The FWHM was found to be 0.0064 to 0.0077“ 

for a thickness of 400 and 700nm respectively. Broadening of reciprocal lattice 

points (RLP) in a reciprocal space map can provide information regarding the 

absence or presence of strain or compositional gradients. Figure.4.17 shows a 

reciprocal space map for the 700 nm Fe304 film on MgO measured for the 

(311) Bragg planes in grazing exit geometry (co=62.5685, 26=74.6582). The 

reciprocal lattice vectors Q(x) and Q(z) represent the in-plane (110) and out- 

of-plane (100) directions respectively (details are given in chapter 3). The 

position of the intense substrate peak is adjusted to the bulk MgO (ag=0.4213 

nm) position. From the position of the thin film reciprocal lattice point in the 

RSM along the Q(x) and Q(z) directions, we find that the in-plane lattice 

parameter of the film is 0.8426 nm, and it is exactly twice the substrate lattice 

constant. Figure.4.17 also shows the direction of the relaxation line. The 

relaxation line can be calculated analytically and it depends on the surface 

orientation and the elastic properties of the layers as well as the Bragg 

reflection considered [25J. From the figure it is clear that the layer RLP 

broadens in the direction of the relaxation line. The broadening along the 

relaxation line is indicative of the presence of a strain gradient in the layer 

without affecting the stoichiometry. However, if a composition gradient was 

present in the layer then one expects broadening of the RLP towards the 

substrate RLP.

This result demonstrates the link between the APBs and the status of 

strain relaxation. However, since the details of the structure of the APB and 

their exact orientation are not known at present, it is not possible to make any 

definitive suggestions on the functional relationship between the APB density 

and the strain relaxation behaviour. We have summarized the calculated and 

observed strain relaxation values in Table.4.4 for the Fe304 films grown on 

MgO substrates. Our model of stress accommodation by APBs in epitaxial 

magnetite films also explains the lack of relaxation in much thicker films by 

Margulies et al [6].

Another possibility for the failure of critical thickness predictions in the 

case of Fe304/M g0  is possibly related to the impediment of dislocation 

movement by the large Peierls force, that creates an activation barrier [26]. 

There are modified forms of M-B model, which attempt to explain the large 

critical thickness for low misfit hetero-structures grown at low temperatures
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[26]. The effect o f  this is to  raise the critica l th ickness at low  grow th 

tem peratures. B y ex trapo lation  o f  th is argum ent, it is possib le  that h igh  grow th 

tem peratu re  o r post g row th  treatm ent could  reduce the Peierls barrier and 

therefo re reduce the critica l th ickness that will approach  the M -B m odel 

p red ic tion . C h idam barro  et al [27] have ob ta ined  a good agreem en t betw een  

the calcu la ted  critica l th ickness based on the above considerations and the 

observed  values fo r the S i-G e/S i system . Liu et al [28]. have show n tha t low 

tem peratu re  grow n pseudom orphic InG aA s/G aA s hetero-structures can be 

relaxed  by a high tem peratu re  post g row th treatm ent, w hich  reduces the Peierls 

barrier. In our case post g row th  h igh tem peratu re  annealing  o r high 

tem peratu re  grow th, w hich cou ld  shed light on this aspec t are not feasib le due 

to the reason  that at h igher tem peratu res M g d iffuses into Fe304  and form s a 

M gF e204  phase[29]. This w ill a lter the lattice m ism atch  and hence the critical 

th ickness. T herefore, w e have not attem pted  to  explore this issue. M oreover, 

our study suggests that the strain  relaxation  behav iou r depends on the density  

o f  A PBs.

S am ple T hickness S train  R elaxation  

predicted  

by FK R  m odel

(%)

O bserved  % strain  

relaxation

(% )

45 0 0

70 0 0

F e3 0 4 /M g 0 120 39 0

200 62 0

400 80 0

700 88 0

Table 4.4 Summary of the predicted and observed strain relaxation values for the 
epitaxial magnetite films as a function of film thickness.
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4.3.2 Studies on Fe304(100)/MgAl204(100) system
4.3.2.1 RHEED measurements

T he F e3 0 4  film s on M g A l2 0 4  (1 0 0 )  o f  varying th ick n ess in the range o f  

5 -1 2 0  nm  w ere dep osited  under iden tica l grow th con d ition s. R H E E D  intensity  

o sc illa tio n s w ere ob served  during the in itial stage o f  the film  grow th. T he  

in tensity  o sc illa tio n s abruptly d isappeared  beyon d  the 6 nm  th ickness.

< <
05

(b)

(c)
Figure 4.18 RHEED patterns o f (a) (100) oriented M gA l204 substrate, (b) 5 nm and 
(c) 120 nm thick Fc304 film s measured along the <100> azimuth.

T he ab sen ce  o f  R H E E D  in ten sity  o sc illa tio n  is a signature o f  grow th  

m od e crossover  from  2- d im en sion a l (layer-b y-layer) to 3 -d im en sion a l (islan d-
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like) growth. Figure 4.18 (a) shows the RHEED pattern o f  the M gA l7.04 (100) 

substrate measured along the <100>  azimuth prior to growth o f  the Fe304  film. 

H alf order lattice rods are also present along with the (00) and (01) lattice 

rods. Figures. 4 .18  (b) and 4.18 (c) shows the RHEED patterns o f  5 and 120 

nm Fe304  film s respectively. The 5 nm film  shows the same separation 

between the (00) and (10) lattice rods which represents pseudom orphic growth 

o f Fe304 . For the 120 nm Fe304  film , this separation is smaller and corresponds 

to an increase in the in-plane lattice constant o f  the film. The lattice constant 

estim ated from the RHEED is 0 .84  (±0.05) nm. Reduction in the separation 

between the RHEED streaks for film  thickness beyond 5nm suggest that the 

strain relaxation takes place or strain in the film  is reduced.

4.3.2.2 Raman spectroscopy

Figure 4 .19  shows Raman shifts obtained as described earlier for Fe304 

film s having various thicknesses grown on M gA l204  substrate and results are 

tabulated in table.4.5. No Raman peaks corresponding to the other iron oxide  

phases were present. The Raman bands are shifted to lower w ave number 

position in com parison with the values observed for bulk single crystal o f  

Fe304  (which are 670, 540 and 308 cm  ' (±0.01cm  ')) for film s having small 

thickness and as the thickness increases the values are shifting towards the 

bulk values. Figure 4 .20  shows the variation o f  m ost intense peak position with 

thickness. The FW HM  o f most intense peak (670cm  ') were 30.22, 31.18, 

30.57cm  ' for 15, 60, 120 nm film s respectively. This result suggests the 

occurrence o f  strain relaxation with increasing film  thickness. Apart from the 

Raman bands observed in bulk and thin film  Fe304  grown on M gO  (100) 

substrate, here tw o additional bands are observed (Table 4.5). These additional 

Raman bands could be occurring due to the A PBs formed by m isfit 

dislocations where the stoichiom etry can be quite different from the rest o f  the 

sample. The form ation o f  APBs due to m isfit d islocations w ill be discussed in 

the follow ing sections. Raman measurements therefore confirm that film s  

grown have m agnetite phase and indicates the presence o f  strain relaxation  

within the film.
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Figure 4.19 Raman shifts observed for Fe304  films having various thicknesses grown 
on M g A l204  substrate. Curves are shifted on the vertical axis for clarity.
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Figure 4.20 V aria tion  o f  most intense Ram an peak position w ith  thickness.
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Sample Raman Shift (cm *) 

(+0.01cm ')

Bulk Fc304 670 540 308

15 nm Fe304 667.31 539.7 305.8 764.7 405

60 nm Fe304 668.92 544.7 309.3 766.4 406

120 nm Fe304 669.14 545.1 306.6 768.1 406

Table 4.5 Raman sh ifts observed for Fe 3 0 4  film s having various th icknesses grow n on  

M gA l2 0 4  substrate.

4.3.2.3 Magnetization measurements

Fe304  film s grown on M gAl204  substrates were much easier to saturate 

compared to film s grown on MgO substrates. Figure 4.21 shows the 

magnetization curve obtained for a 120 nm film and the results obtained from 

films with various thicknesses are sum m arised in Table 4.6. The films show 

lower saturation m agnetisation compared to the saturation m agnetisation of 

bulk Fe304  (480x10^A/m)

600
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^  200

o
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-400

-600
-10000 -5000 0 5000 10000

H(Oe)

Figure 4.21 M agnetization  curve obtained for 120 nm  epitaxial m agnetite film  
grown on M gA l2 0 4  substrate.
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Sample Thickness

(nm)

Ms

(lOkOe)

xlO^(A/m)

Fe304/MgAl204

15 473

60 460

120 466

Table 4.6 Summary of the magnetization (Ms) at 1 Tesla field for the epitaxial 
magnetite films as a function of film thickness.

4.3.2A Resistivity measurements

Figure 4.22 shows resistivity as a function o f temperature for a 70 nm 

and a 120 nm Fe304 film  grown on M gA l204 substrates. Resistivity values for 

these films measured at 300 K were found to decrease with an increase in 

thickness. The resistivity values observed at 300K for these films are 0.0099 

and 0.0088 for 70nm and 120nm film  respectively.

Film thickness
70nm

120nm

0.01

100 150 200 250 300
T(K)

Figure 4.22 Verwey transition observed for 70 and 120 nm Fej04 films grown on 
MgO substrate.

The Verwey transition temperature for these films were found to be 122 K 

(+0.5K) and 123 K (+0.5K) for 70 and 120 nm films respectively and are
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higher than Fei0 4  films deposited on MgO substrates. The value of Verwey 

transition temperature is near to the value observed for bulk Fe304(~123). The 

observation of the Verwey transition confirms that films are stoichiometric.

4.3.2.S HRXRD measurements

To know precisely the extent of strain relaxation for thickness above 15 

nm we employed the HRXRD technique. Figure 4.23 shows the CO-20 scans of 

15, 60 and 120 nm Fe304  films grown on MgAl2 0 4  oxide substrate measured 

for (400) Bragg planes. The curves are shifted on the vertical axis for clarity. 

The full width at half of maximum (FWHM) of the thin film peaks are 0.301, 

0.08 and 0.076° respectively. The substrate-film peak separation decreases 

with the increase in thickness. The ax determined from the film-substrate peak 

separation are 0.84568, 0.84413 and 0.84088 nm for 15, 60 and 120 nm films 

respectively.

O )

O

LL

60 nm

iirth

1.5 1.0 -0.5 0.0

co-ne (degrees)

Figure 4.23. The co-20 scans of 15, 60 and 120 nm Pe304 film on (100) MgAl204 
substrate measured for symmetric (400) Bragg reflection. Curves are shifted on the 
vertical axis for clarity.
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Figure 4.24 shows (O-n0 scans measured for the asym m etric (622) 

Bragg planes in the grazing exit geom etry for the 60 and 120 nm thick films. 

The experim entally m easured angular ratios of the angle made by the x-ray to 

the detector (26) and sample (co) was 2.4 and 2.2 for the 60 and 120 nm films 

respectively. A value other than 2 was required to detect the thin film  peak 

through a single co-n6 scan due to the strain tilt. The flu determ ined from  the 

(622) scan is 0.834 and 0 .8 3 7 Inm  for 60 and 120 nm films respectively. This 

corresponds to a relaxation of 70 and 95%. The in-plane and out-of-plane 

lattice param eters determ ined from  the asym m etric (622) scans agrees well 

with the estim ates o f strain relaxation for the n-ratio used to perform  the 

asym m etric scans. The strain relaxation was m easured as a function of 

thickness in Fc304  thin films grown on M gAl204  and it was found that the 

am ount of strain relaxation increases with the increase in thickness.

O)
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F igure  4.24. The (O-n0 scans of 60 and 120 nm Fc304 film on (100) MgAl204 
substrate measured for asymmetric (622) Bragg reflection, measured in the grazing 
exit geometry.

From the an and ax lattice constant values obtained through the analysis 

of RSM and individual CO-20 scans for the Fe304 films grown on M gO  and 

M gAl204  substrates, strain relaxation is exhibited from 6 nm thickness.
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4.3,2.6 Discussion

Figure.4.25 shows the calculated equilibrium in-plane strain, Eh, using 

FKR-model for Fe304 films on MgAl204 substrate as a function o f thickness 

along with the measured experimental data. The observed relaxation behaviour 

was in agreement with the estimated values for Fc304 films grown on MgAl204 

unlike Fe304/Mg0 hetero-epitaxy which doesn’t show relaxation even up to 

700 nm. Calculated and observed strain relaxation values are given in 

Table.4.7. Due to large m isfit o f 3.9% between Fe304 and MgAl204, the 

epitaxial films above the critical thickness w ill be relaxed generating misfit 

dislocations (MDs). The large density o f MDs can produce stacking faults.

0.04

0.03

0.01

0.00

1500 50 100 200

Thickness (nm)

Figure.4.25 Comparison of experimentally observed values of the in-plane strain, £#, 
with the FKR model predictions for the Pe304 films grown on MgAl204 ( 100) 
substrates as a function of thickness. The solid line is the theoretical prediction and 
scattered points are experimentally observed values.

Such a feature has been reported for other spinel films grown on MgAl204 

with a similar m isfit [30]. Since MgAl204 has the same spinel type crystal 

structure and symmetry as that o f Fe304, formation o f APB is not expected for 

the films grown on MgAl204. However, presence o f the APBs in 

Fe304/MgAl204 system has been reported [ 11]. Figure 4.26 shows plan-view 

TEM images observed for 70 and 200nm Fe304 thin films grown on MgAl204 

substrates.
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Sam ple T hickness S train  R elaxation  

pred ic ted  

by F K R  m odel 

(% )

O bserved  %  strain  

re laxation  

( % )

40 87 60

F e 3 0 4 /M g A l2 0 4 60 91 84

120 95 95 .6

Table 4.7 Summary of the predicted and observed strain relaxation values for the 
epitaxial magnetite films as a function of film thickness.

(a) (b)

Figure 4.26 Plan-view TEM images observed for (a) 70nm and (b) 200nm Fe3 0 4  thin 
films grown on M gAl2 0 4  substrates.



Figure 4.27 The cross-section TEM image of 70nm Fe304 film on MgAl204
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Figure. 4.28 Schematic diagram of an antiphase boundary formed in Fc304 films 
grown on MgAl204 (100) substrate due to the stalking fault with one missing row of 
oxygen. The APB is indicated with a dashed line.
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(b)
Figure 4.29 Schematic diagrams of two possible configurations of antiphase 
boundaries formed in Fe304 films grown on MgAl204 (100) substrate due to the 
stalking fault with two missing rows of oxygen. The APB is indicated with a dashed 
line.
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Both images were obtained using a 220 imaging vector. TEM images 

clearly show APBs and the density of APBs decreasing with increasing 

thickness as observed in the case of Fe304 grown on MgO substrates. Figure 

4.27 shows the cross-section TEM image of 70nm Fc304 film on MgAl204 

substrate which clearly shows stacking faults generated by misfit dislocations. 

We suggest that the formation of APBs in Fe304/MgAl204 systems are due to 

the stacking faults generated because of strain relaxation. Out of many possible 

formations two cases are demonstrated below.

Figure 4.28 shows ( 100) plane of Fe304/MgAl204 system with a 

stalking fault formed by missing one row of oxygen. It is clear from the figure 

that the cation lattice is disrupted across the dislocation line which essentially 

forms an APB. Figure 4.29 show two possible APB configurations generated 

because of a stacking fault with two missing oxygen rows, although at this 

point it is difficult to known the exact APB configurations which will result in 

Fe304/MgAl204 system due to the lack of experimental detail. The reduction 

of the density of APBs with increasing thickness as observed in TEM images 

can be due to the minimization of the total energy by the minimization of the 

APB area. Also the reduced saturation magnetization observed could be 

because of antiferromagnetically coupled APBs.

In the previous section (§4 .3. 1.7) we argued that the absence of strain 

relaxation in Fe304 films grown on MgO substrates even up to ten times higher 

than the critical thickness is due to the presence of APBs. On the other hand, 

Fc304 films grown on M gAh04 show strain relaxation and follow the 

theoretical prediction. Even though no APB formation is expected in films 

grown on MgAl204, which has the same spinel type crystal structure and 

symmetry that of Fe304, APBs were nevertheless observed. The fundamental 

difference between the APB formation in Fc304/Mg0 and Fe304/MgAl204 is 

that in the former system APBs are formed due to the difference in lattice 

symmetry between Fe304 and MgO and latter system the APBs are formed due 

to the staking faults generated by strain relaxation.

4.4 Conclusions
From the strain relaxation studies of epitaxial Fe304 thin films grown 

on MgO(lOO) and MgAl204 substrates we infer that the films grown on MgO
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(100) substrate rem ain fully coherent up to much greater thickness than 

predicted by the FKR model (~70 nm), whereas the films grown on M gA l204  

substrates shows a behaviour consistent with the model predictions. The 

observed strain relaxation behaviour is attributed to the differences in the 

crystal structure symmetry betw een M gO and Fe3 0 4 . Due to the lower crystal 

symmetry o f the spinel structure o f Fe304  com pared to that o f M gO, APBs are 

form ed and lead to the form ation o f areas within the film that have opposite 

sign o f stress. The stress com pensation by the APBs reduces the effective stress 

experienced by the films. The reduction in effective stress experienced by the 

film depends strongly on the nature and density of APBs. Even though APBs 

are not expected in P e304  films grown on M gA l20 4 , TEM  studies revealed the 

presence of APBs. W e suggest that these APBs are formed not because of 

sym m etiy difference but because of the stacking faults generated by strain 

relaxation due to large m ism atch between the thin film and substrate.
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Chapter 5

Magnetoresistance enhancement in 
epitaxial magnetic films grown on 

vicinal substrates
5.1 Introduction

The presence of antiphase boundaries (APBs) in epitaxial Fe304 films 

introduces local structural m odifications and alters the magnetic interactions at 

the boundary making them predom inantly antiferrom agnetic [1, 2]. This 

strongly affects the m agnetic and electronic properties of the epitaxial Fe304 

films. Because o f the presence of APBs, magnetization shows an anomalous 

behaviour and it is difficult to saturate the films even with strong magnetic 

fields of up to several Tesla (T), although the anisotropy field is only -3 0 0  Oe 

for bulk Fe304 [3], Ultra thin Fe304 films (below 5 nm) exhibit super- 

param agnetic behaviour [4 ], The m agnetoresistance (MR) behaviour of 

magnetite thin films has been widely studied in film s on different substrates 

like M gO and M gAl204 [5-8]. Com pared to bulk m agnetite, epitaxial Fc304 

films show a greater M R which is difficult to saturate even in strong magnetic 

fields. So far, the m agnitude of MR observed in epitaxial film s has not 

exceeded 8% for a magnetic field strength o f 2 Tesla. The unusual MR 

behaviour of Fe304 films is attributed to the presence of APBs and a spin valve 

mechanism was proposed by Eerenstein et al [6 ]. They have m odelled the 

observed M R across the APBs em ploying a hopping conductivity model in 

which the spin-polarized transport occurs across the antiferrom agnetic interface 

between two ferrom agnetic chains. This model predicts a large M R effect
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across a single boundary. However, due to the random network o f A PBs 

obtained in Fe304/M g0  hetero-epitaxy, this effect is greatly smeared and it is 

not possible to obtain any quantitative information.

In this study w e have em ployed a new approach which allow s for a 

selective extraction o f  the contribution o f  the antiphase boundaries from the 

total MR. In our study the M gO substrate has a m iscut with respect to a low - 

index plane (100). If annealed under suitable condition, presence o f  m iscut 

facilitates the formation o f  surfaces with atom ic height steps. In this case the 

islands o f  Fe304 forming at different atom ic terraces nucleate independently  

from each other. Consequently, as the nucleation islands grow there is a 

significant chance that antiphase boundaries are formed along the step edges o f  

the atomic terraces. Calculating the probability o f  A PB s form ing along a given  

step edge relies on certain assum ptions in relation to the m echanism  o f  

nucleation o f  m agnetite on M gO. This is explained below .

5.1.1 Calculation of the probability of APB formation
The crystal structure o f  magnetite is based on the fee oxygen sub­

lattice, sim ilar to the oxygen sub-lattice o f  M gO. In this sub-lattice som e o f  the 

tetrahedral interstices (so -ca lled  A -sites) and som e o f  the octahedral interstices 

(so-called  B -sites) are occupied by the Fê "̂  and Fê "̂  ions. The (100) atomic 

planes containing A- and B-sites are positioned in alternation and are separated 

by 0 .1049nm. Thus, the separation between the planes containing the like sites 

(A -A  or B -B ), is 0.2099nm . In the atomic planes containing B -sites the Fe ions 

are positioned in rows along the (110) directions. The separation between the 

ions within the rows is 0.3nm  and the separation between the rows is 0 .6 nm. 

Details o f  the Fc304 crystal structure is given  in chapter 2.

The key assumption in calculating the probability o f  APB formation is 

nucleation m echanism  o f magnetite. For exam ple, if  the nucleation on one o f  

the two terraces separated by step edge starts at the atomic plane o f  A -sites, 

and the nucleation on the other one starts at the atom ic plane o f  B-sites, then 

ABP is formed with certainty. This is clear because in the structure o f  

magnetite, atomic planes separated by 0 .2099nm  are planes o f  like interstices. 

Y et the body o f  experimental evidence com ing e.g. from the STM  studies 

suggests that there is a large energy difference between the surfaces o f  A- and 

B -site terminations. U sually the B -site terminated surfaces are observed [9,10].
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Figure.5.1. Example for the formation of a step induced APB. (a) MgO (100) surface 
with a monoatomic step directed along < 011> (b) formation of the first B site layer on 
both the upper and lower terrace with nucleation rows parallel to each other (c) 
formation of the second layer on the lower terrace which is an A site plane (d) 
formation o f the third layer on the lower terrace which is a B site plane with 
nucleation rows perpendicular to the upper terrace and hence the formation of step 
induced APB.

T he type o f  su rface  term ination  is sensitive to the sam ple preparation  

conditions. R egard less o f  any prepara tion  cond ition , the tw o term inations are 

v irtua lly  never observed  sim ultaneously  on  the sam e surface. M ost o f  the STM  

data  have been  ob ta ined  on sing le crysta ls o f  m agnetite , and  no t on  F e304/M g 0  

film s. S till, the data  suggest that the likelihood  o f  nuclea tion  by A- and B -site 

p lanes sim ultaneously  can  be d iscounted . L et us firs t co n sid er the case of 

nucleation  by B -sites w hich  is p referred  by the STM  studies. A cross a 

m onoatom ic step  on the (100) surface o f  M gO , there are 32 possib le
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com binations o f  position ing  the nuciea tion  islands o f  Fe304  on two 

neighbouring  terraces. To see if  they  resu lt in the form ation  o f the A PB  we 

need  to  com pare  the positions o f  a tom s in the th ird  Fe atom ic layer on the 

low er terraces w ith the positions o f  the  atom s o f  the first Fe layer on the upper 

terrace. O f the 32 possib le  com binations, 16 have the nucleation  row s o f  first 

B -site  layer on the upper te rrace  parallel to the ones on the low er terrace. All 

these 16 com binations resu lt in the fo rm ation  o f  A PB s.
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Figure.5.2 Two possible combinations o f step induced APB formation of which one 
forms an APB and the other does not. (a) formation of the first B site layer on both the 
upper and lower terrace with nucleation rows perpendicular to each other with the 
second A site plane on the lower terrace (b) formation of third layer on lower terrace 
which is a B site plane with nucleation rows parallel to the upper terrace and no 
formation of a step induced APB (c) formation of the first B site layer on both the 
upper and lower terrace with nucleation rows perpendicular to each other with a 
different orientation of the second A site layer compared to (a), (d) shows the
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formation of the third layer on the lower terrace which is a B site plane with the 
nucleation rows parallel to the upper terrace and formation of a step induced APB.

One such exam ple is shown in Figure.5.1. Figure 5.1(a) shows the M gO 

(100) surface with a monoatom ic step directed along < 0 1 1>. Figure 5.1(b) 

shows the form ation of first B site layer on both upper and lower terrace with 

nucleation rows parallel to each other. Figure 5.1(c) shows the form ation of 

second layer on the lower terrace which is an A site plane. Figure 5.1(d) shows 

the form ation of third layer on lower terrace which is a B site plane with 

nucleation rows perpendicular to the upper terrace and hence the form ation of 

step induced APB. The rem aining 16 com binations have the rows o f the first B 

site layer on the upper plane perpendicular to the rows o f the first B site layer 

on the lower plane. O f these 16 com binations, 8 result in the form ation of the 

APBs and the rem aining 8 do not. Figure.5.2 shows two o f such com binations. 

Figure 5.2(a) shows the form ation of first B site layer on both the upper and 

lower terrace with nucleation rows perpendicular to each other. Figure 5.2(a) 

also shows the second layer on the lower terrace which is an A site plane. 

Figure 5.2(b) shows the form ation of the third layer on the lower terrace which 

is a B site plane with nucleation rows parallel to the upper terrace and no 

formation of a step induced APB. Figure 5.2(c) shows the form ation of the first 

B site layer on both the upper and lower terrace with nucleation rows 

perpendicular to each other with a different orientation of the second A site 

layer com pared to Figure 5.2(a). Figure 5.2(d) shows the form ation o f the third 

layer on the lower terrace which is a B site plane with nucleation rows parallel 

to the upper terrace and form ation of a step induced APB. Therefore, the 

analysis shows that there is 75% chance o f forming APB along the step edge if 

the nucleation starts at the B-sites. Considering the second case when the 

nucleation starts at the A-sites, it is possible to have 64 com binations, out of 

which only 8 com binations form APBs. So the total chance of form ing APBs in 

this case will be 87.5%. W hether the m agnetite nucleates at A- or B-sites, or 

even if  there is nucleation at both sites sim ultaneously, one could see that there 

is a very high chance of form ation of APBs along step edge.

Therefore, as the density of the APBs aligned along the step edges is 

greater than in the perpendicular direction, one expects to find a difference in 

the MR for current driven along and perpendicular to the direction o f the step 

edges. It is im portant to em phasise that in the case of the film grown on the
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M gO (100) substrate the crystallographic anisotropy makes no contribution to 

the m easurem ents. Indeed, the two orthogonal directions on the (100) surface 

o f a cubic crystal always correspond to equivalent crystallographic directions 

(e.g. (110) and (1-10)). Consequently, w e decided to perform experim ents on 

the M gO (100) substrate. In this study w e measure the MR o f  Fe304  thin film s 

for different substrate m iscut angles and compare the results o f  M R along- and 

perpendicular to the step-edge direction. The substrate microstructure is known 

to be strongly influenced by pre-deposition treatment [11,12] and is expected to 

play an important role in determining the density o f  A PBs in Fe304  film s. The 

effects o f  pre-deposition annealing duration on the MR properties o f  Fe304 

film s grown on vicinal M gO (100) substrates are also presented.

W e should point out that there has been som e effort to im prove the MR 

o f m agnetite film s by utilizing a m icroscopic step edge array on surfaces 

patterned by m eans o f  lithography [13]. The authors observed an enhancem ent 

in the MR that w as not high in the low  fields and was due to the spin dependent 

electron transport across the m agnetic clusters formed at the step edges.

5.2. Experiment
Pe304  thin film s used in the present study have been grown on (100) 

oriented M gO single crystal substrates using an oxygen plasm a assisted  

m olecular beam  epitaxy (M BE) with a base pressure 5xlO ‘'*^Torr. W e used two 

kinds o f  M gO (100) substrates: the first ones are low -vicinal (100) oriented 

single crystal substrates with a nominal m iscut within ±0.5  degrees along an 

arbitrary direction and the other set o f  substrates had a 2 degrees miscut on 

(100) oriented substrate along < 0 1 1> direction within the accuracy o f  ±0.1 

degrees. The substrates were chem ically cleaned prior to their insertion into the 

growth cham ber and then cleaned in-situ at 600°C in UH V for Ihour follow ed  

by annealing in 1*10"^ Torr oxygen for 5 hours duration. Growth o f  the Fe304 

film s have been carried out by m eans o f  electron beam evaporation o f  pure 

m etallic Fe (99.999% ) in presence o f  free oxygen radicals generated by the 

ECR (Electron Cyclotron R esonance) plasma source (OSPrey Plasm a Source, 

Oxford Scientific, UK). The plasma source was operated at SOW in an oxygen  

atmosphere o f  1*10'^ Torr. R eflection high-energy electron diffraction  

(RH EED) w as em ployed to confirm  the epitaxial growth and establish the
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growth m ode. The presence o f  the RHEED intensity oscillations confirm s that 

the film s grow in a layer-by-layer m ode (0 .3A /s). To check the effects o f  pre­

deposition annealing duration on the M R properties o f Fc304 film s, the 

substrates were annealed at 600°C for 3, 5, 9 and 13 hours duration and then 

the Fe304 film s were grown with the sam e growth parameters as depicted  

above.

For electrical resistivity and m agneto-resistance m easurements a 

standard dc-four probe technique was em ployed. The sam ple was mounted on a 

copper block fitted onto a cold  finger o f  the closed  cyc le  refrigerator. 

Temperature o f the sam ple stage was monitored using a G aA lA s thermometer 

and controlled within ±0 .05 K. For magneto-transport m easurements, the cold  

finger was inserted into a variable field  permanent m agnet (M ultimag, 

M agnetic Solutions Ltd, Ireland). U sing this m agnet it was possib le to vary the 

strength (maxim um  field o f  2 Tesla) and orientation o f  the m agnetic field in a 

desired direction. The m agnetoresistance results reported here were obtained 

by keeping the direction o f  m agnetic field and current parallel to each other 

unless otherwise stated. The MR is defined as; MR% = [R (H )-R (0)/R (0)]*100, 

where R(H) and R(0) are the resistances o f  the sam ple with and without field  

respectively. To determine the m agnetoresistance anisotropy, the 

m easurements were carried out by passing current in two directions, which are 

orthogonal to each other i.e. along and perpendicular to the direction o f step 

edges.

Structural characterization o f  Fc304 thin film s was done using a m ulti­

crystal high-resolution x-ray diffractometer, HRXRD (B ed e-D l, Bede, UK). 

The H R X R D  in double or triple axis configuration was performed to confirm  

the epitaxial relationship o f  the Fe304/M g 0  hetero-epitaxy. The m iscut o f  the 

sam ples was measured using the high-resolution x-ray diffraction (H R XR D ) 

technique. To determine the m iscut o f  the sam ple, the co-rocking curves were 

performed at (200) Bragg reflection o f  substrate at several azimuths. From the 

variation in incidence angle required to achieve the Bragg condition with the 

sam ple azimuth and fitting it using a sine function w e determine the amplitude 

and direction o f  miscut.

M agnetization measurements were performed using an alternating 

gradient field m agnetom eter (M icrom ag-3900, Princeton M easurements, U SA ) 

with a sensitivity o f  10"* emu. The diam agnetic contribution from the M gO
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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% at room temperature

5.3 Results and discussion
5.3.1 RHEED measurements

In the present study we provide comparative result on two 45nm thick 

Fe304  films grown on low- and high-vicinal MgO (100) substrates hereafter 

referred to as samples 1 and 2 respectively. Low and high-vicinal samples had 

a miscut of 0.5° and 2.0”, respectively, along the <011> direction. Figure 5.3 

shows the RHEED images of the high-vicinal UHV heat treatment, recorded in 

<011> directions (Figure 5.3(a) and 5.3(b)). Small changes observed in the 

separation of vertical streaks are due to variations in incidence angle of the 

electron beam for different azimuths.

a
I • •

b

Figure 5.3 RHEED images of high-vicinal MgO (100) substrate after the UHV 
heat treatment measured in <011> azimuths at room temperature with an 
incident electron beam directed (a) along the step edges and (b) perpendicular 
to the step edges. Variations in the streak separation are due to the small 
changes in incidence angle of the electron beam for different azimuths. The 
dashed line in image (b) represents the shadow edge.

Figures 5.3(a) and (b) correspond to the case when electron beam is incident 

parallel or perpendicular to the step edge directions, respectively. For the case 

when the electron beam is incident along the step edges, the vertical lattice rods 

and sharp Kikuchi lines are observed. Sharp horizontal Kikuchi lines are 

observed only when the direction of incident electron beam is perpendicular to 

the step edges, which represents increased inelastic scattering due to the
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presence o f  atom ic steps. These horizontal Kikuchi lines were found to have a 

tilt with respect to the shadow edge and were used to determine the average 

m iscut angle o f  the substrate, which com es out to be 2.05°. W e also checked  

the surface tilt from the position o f  the two diffracted spots marked with arrows 

in Figure 5.3(b).

The average surface tilt or m iscut angle can be calculated from  the spot 

separation using the fo llow in g equation [14,15] (see chapter 2 for details):

2n/sd-l

where (0^) is the average exit angle o f  the two diffraction spots, d is the

planer spacing and s denotes the spot separation in reciprocal lattice units This 

analysis g ives a m iscut angle o f  2.1°. Figure 5.4 (a) and (b) shows the RHEED  

pattern recorded after the growth o f  45nm  Fe304  film  on high-vicinal M gO  

(100) substrate. Additional steaks corresponding to Fe304  are situated in the 

m iddle o f  the M gO streaks. Other features are quite sim ilar to those o f  the 

substrate for the case when the electron beam is incident along the step edges. 

For the incident beam direction perpendicular to the step edges there are 

additional features observed, and there are slashes alongside the vertical rods 

due to the additional periodicity arising from the terrace width.

m
Figure 5.4 RHEED images of 45nm F e304 film grown on high-vicinal MgO (100) 
substrate with (a) incident electron beam directed along the step edges and (b) 
perpendicular to the step edges.

The average terrace width determined from the separation between the slashes 

and the diffraction streaks for the film  is 5 .69  (+0.5nm ) nm. The average 

m iscut for sam ple 1 was found to be 0.5° within the accuracy o f  RHEED  

m easurements. H owever, due to the larger terrace width o f  24.05nm  for this
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sam ple, the  additional slashes co rrespond ing  to the terraces w ere no t observed . 

Instead, a b roaden ing  o f  steaks w as noted. The estim ated  values o f average 

m iscu t angels fo r both the sam ples w ere in good ag reem ent w ith the resu lts 

ob ta ined  th rough  H R X R D  m easurem ents. H R X R D  resu lts show ed tha t the 

average m iscu t angle fo r the substra te  and the film  afte r the grow th w ere the 

sam e.

5.3.2 HRXRD measurements

O

o

Sample 1

HH

- Sample 2
-0.2 - 0.1 0.0 0.1 0.2 0.3

co-20(degrees)

Figure 5.5 The co-20 scans of Sample 1 and Sample 2 measured relative to the (200) 
Bragg reflection of MgO.

Figure 5.5 show s the 0)-29 rock ing  curves m easured  at room  tem peratu re fo r 

(200) and (400) B ragg  reflec tions o f  the substra te  and  thin film  respectively  for 

S am ple 1 (45 nm  F e304  film  on low -vicinal M gO  substra te) and S am ple 2 (45 

nm  P e304  film  grow n on 2° v icinal M gO  substrate). T he horizontal axis in  the
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F igure 5.6 The (o-n0 grazing exit scans o f Sample 1 and Sample 2 measured relative 
to the (311) Bragg reflection of MgO.
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F igure  5.7 The reflectivity scans of Sample 1 and Sample 2.
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figure is shown with reference to the Bragg angle for sym metric (200) 

reflection o f  M gO substrate. The curves are shifted along the vertical axis for 

clarity. From the separation between the film  and substrate Bragg peaks w e  

determine the out-of-plane lattice constant. For both the sam ples it is found to 

be 0 .8372  nm. The full width at half m aximum  for the thin film  peak is found 

to be 0.065 and 0 .077 degrees for Sam ple I and Sam ple 2 respectively. The 

larger FW HM  o f  the thin film  peak for sample 2 represents additional 

scattering contribution arising from the presence o f step edges.

The in-plane lattice parameters o f  the film s were determined from the 

asym m etric (622/311) Bragg reflections. Figure 5 .6  show s the (i>n9 grazing 

exit scans for sample 1 and sam ple 2. W e found that the in-plane lattice 

constant o f  the Fe304  thin film  (0 .84236  nm) is tw ice that o f  the M gO substrate 

(0 .4213 nm). The FW HM  for the thin film  peak is found to be 0.021 and 0.042  

degrees for Sam ple 1 and Sam ple 2 respectively. From the in-situ RHEFD and 

ex-situ H RXRD characterization, w e infer that the film s grow  

pseudom orphically and maintain one-to-one registry with the M gO substrate. 

The unit cell volum e o f  the film  is a good indication o f  the film  stoichiom etry  

and is consistent with bulk m agnetite suggesting that the film s are 

stoichiom etric. Figure 5.7 shows the reflectivity scans o f sample 1 and sample 

2. The thickness measured from the scans are 45nm (±2nm ).

5.3.3 Magnetization measurements

Figure 5.8 show s the in-plane hysteresis loops measured at room  

temperature for both sam ples. Saturation magnetization (M ) values attained for 

sam ples 1 and 2 at 1 T field  were found to be 468 and 445 x  10'̂ A/m . These 

values are sm aller than the saturation m agnetisation value o f  bulk Fc304  (480  

X10'̂ A /m ). It was not possible to saturate both the sam ples with the maximum  

available field strength o f  1 T with the measurement set up. Observation of 

reduced m agnetization and finite slope seen at higher fields is indicative o f  the 

presence o f  areas with frustrated exchange. Observation o f reduced M and 

inability to saturate epitaxial Fe304  film s is attributed to the presence o f  APBs 

[3,4]. The reduction in M with increasing m iscut angle is related to the step 

edges which enable the formation o f additional A PBs. The
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Figure 5.8 Hysteresis loops of (a) Sample 1 and (b) Sample 2 measured at room 
temperature with an in-plane applied field.
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observed reduced magnetic moment is suggestive of an increased num ber of 

APBs.

For 0.5° and 2“ miscuts along the <011> direction of M gO (100) 

substrate the average terrace width is 24.05 and 5.96 nm respectively. This 

corresponds to a step density of 4.2x10^ and 1.6 xlO^ cm ' respectively for 

sample 1 and 2. By considering this number density of APB and a width o f 

0.42 nm (by assum ing that at the APB one bond from each side of the 

boundary contributes to the frustrated exchange) we estimate the area of the 

frustrated volume to be ~1.52 and 5.6% for samples 1 and 2 respectively. 

However, we observe a 2.28 and 7% reduction in magnetic moment for 

samples 1 and 2 respectively. The additional enhancem ent of area with 

frustrated magnetic moment is possibly due to the presence o f natural shifted 

APBs at the terraces.

5.3.4 Magnetoresistance measurements

Sample 1 exhibited a Verwey transition at 108 K and its 

m agnetoresistance was studied as a function of temperature. Figure.5.9 shows 

the m agnetoresistance m easured in the <010> direction at 150 K and 108 K as 

a function of magnetic field applied in the film plane. The M R is found to 

increase with decreasing temperature and is substantially higher near the 

Verwey transition tem perature (T v). The MR shows a linear dependence on 

applied m agnetic field. Figure.5.10 shows the MR results obtained for this 

sample m easured at the Verwey transition (108 K) in the <010> direction, 

along and perpendicular to the step edges. In all the cases the magnetic field is 

applied in the film plane and parallel to the current direction. The MR at 2 

Tesla field m easured perpendicular to the step edges is found to be 7.54%, 

which is 2.69 and 1.93% higher than the MR along the <010> and along the 

step edges directions respectively. The enhancem ent in the M R is more 

prom inent at lower tem peratures, particularly in the Verwey transition region. 

Some difference between the curves measured along the <010> and the m iscut 

directions is expected. Indeed, these two directions are crystallographically in-
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equivalent as the m iscut direction is effectively  along < 011>  direction.

150K

108K

1
H (Tesla)

Figure 5.9 Magnetoresistance of sample 1 at 150K and 108K with magnetic field 
applied in the film plane along <010> direction.

However, two directions, along and perpendicular to the m iscut, are 

crystallographically equivalent, consequently no anisotropy in transport 

properties between these two directions is expected. W e suggest that the 

anisotropy results from the preferential alignm ent o f  A PBs along the step edges  

as explained in the introduction. Thus, formed A PBs enhance the spin 

dependent scattering and influence the M R properties.

Results on Sam ple 1 demonstrate that it is possible to control the MR 

properties o f  magnetite thin film s and introduce MR anisotropy provided the 

density and orientation o f  A PBs is controlled. Figure.5.11 show s the 

temperature variation o f  resistivity measured along and perpendicular to the 

step edges for Sam ple 2. The V erw ey temperature for both directions is found 

to be 109.8 K (+0.5 K). The resistivity across the step edges is about 2 times 

greater than the resistivity along the step edges (at 130K p was found to be 8.6 

and 13.6 m tl cm  along and perpendicular to the step edges respectively). The 

resistivity versus temperature dependency for the Fe3 0 4  film s show an 

activated behaviour with an activation energy o f  ~ 30 m eV above the V erwey
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Figure 5.10 Magnetoresistance of sample 1 measured at Verwey transition 
tempeiature (108K) in the <010>, along and perpendicular to the step edge directions.
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Figure 5.11 Resistivity as a function of temperature measured (a) along and (b) 
perpendicular to the step edges for sample 2 .
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Figure 5.12 Magnetoresistance as a function of applied in-plane magnetic field for 
Sample 2, measured at different temperatures (a) along and (b) perpendicular to the 
direction of step edges. The direction of current and magnetic field are parallel to each 
other.
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transition temperature for both directions. B elow  the V erwey transition 

temperature the activation energies are found to be 56 and 61 m eV along and 

perpendicular to the step edges respectively. The resistivity anisotropy rem ains 

persistent throughout the w hole temperature range. The enhancem ent in 

resistivity across the step edges is due to a significant increase in the density o f  

A PBs form ed at the step edges that produces an additional scattering o f  charge 

carriers traversing across the step edges. This substantially reduces the 

m obility o f  charge carriers across the step edges and an anisotropic m obility  

with respect to the relative direction o f current and step edges is observed. The 

resistivity for sam ple 1 showed similar behaviour. At 130 K the resistivity was 

found to be 4 .68  and 5.09 mQ cm  when measured along and perpendicular to 

the step edges. The lower resistivity obtained for sam ple 1 as com pared with  

sample 2 demonstrates that the step edges facilitate the formation o f  APBs. 

This further supports our conclusion based on m agnetization reduction. 

Conduction properties o f  Fe304  thin film s possessing A PBs has been studied  

by Eerenstein et al [6], within the framework o f  a one-dim ensional hopping  

m odel. The conductivity predicted by this m odel is proportional to t“, where t 

(t=toCos(pnn) IS the transfer integral (see chapter 2 for details). According to 

this m odel the presence o f  local structural and spin disorder at the APB reduces 

the transfer integral. This suggests that, in the case o f  vicinal substrate where 

the A PBs are formed predominantly at the step edges, one expects a reduction  

in the conductivity across the step edge direction, which is in line with the 

experim ental observations.

M agnetoresi stance o f Sample 2 was studied as a function o f  

temperature along and perpendicular to the direction o f  the step-edges. Figure. 

5.12 show s the representative M R curves for Sam ple 2 measured along and 

perpendicular to the step edges at 130, 109 and 105 K respectively. The M R is 

found to be strongly anisotropic with respect to the direction o f  the step-edges: 

the MR perpendicular to the step edges is significantly higher than along the 

step edge direction.

The magnitude o f MR for both directions is found to increase with a 

decrease in temperature and peaks at the V erw ey transition temperature (109  K 

(± 0 .5 K)). A further decrease in the temperature leads to a low ering o f  the MR  

for both directions.
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Figure 5.13 Temperature dependence of the MR (a) perpendicular and (b) along the 
step-edges for Sample 2.

The maximum value o f MR is observed in the Verwey transition 

region, which is 12.2% at 2 Tesla field and 9.7% at 1 Tesla field. These values 

o f MR are 5.4% and 4.4% higher than the corresponding values observed along 

the step edges. The MR at 2 Tesla field for Sample 2 is found to be 4.8% 

higher than that o f the low miscut sample. The difference in MR along and 

perpendicular to the step edges is significantly higher only at the low 

temperatures mainly in the vicinity o f the Verwey transition. The remarkable 

result is that there is a significant enhancement in the low field MR. The MR 

shows a steep rise up to a field o f 0.7 T. For higher magnetic fields (>0.7 T) 

there is a cross over to shallower field dependence. However, the field 

dependence o f MR along the step edges did not show this change over. Figure 

5.13 shows the temperature variation o f the MR (2 T) measured along and 

perpendicular to the step edges. The anisotropy in MR, M R se = MRi-MRh, 

represents the contribution arising due to the step edges and is shown in the 

Figure 5.14. The anisotropy in MR is observed only below 150K and peaks at 

the Verwey transition.
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Figure 5.14 The difference in MR observed along and perpendicular to the step edge 
directions, representing the step-edge induced contribution to MR, as a function of 
temperature.

5.3.5 Effects o f substrate pre-deposition annealing on the M R behaviour o f  

Fc3 0 4  film s grown on vicinal M gO (100) substrate

In ou r study w e have also  no ticed  that the M R  enhancem ent depends 

strongly  on the w ay the substra te  surface has been trea ted  p rio r to the grow th o f  

the m agnetite  film . T his subsequen tly  determ ines the nature o f  the film  

m icrostructu re  as w ell as the nature and density  o f  A PB s that w ill strongly  

affec t the M R  properties. T he stud ies presen ted  in th is section  w ere ob ta ined  

fo r the op tim ised  substra te  annealing  conditions. D etails o f  the substra te  

annealing  cond itions and its in fluence on the M R  properties are d iscussed  in 

this section.

T he F e304  th in  film s w ere grow n on (100) o rien ted  M gO  sing le crystal 

substra tes having 2°  (±0.05°) m iscu t along  the < 0 1 1> d irection . In the p resen t 

study w e used  four rep resen ta tive  sam ples nam ed, S am ple 2, Sam ple 3, S am ple 

4 and S am ple  5 each  o f  45nm  th ickness (Sam ple 2 is the sam e sam ple used in
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the prev ious study). P rio r to F c304  film  grow th  the M gO  substra tes w ere 

annealed  a t 600°C  fo r 5, 3, 9 and  13 hours duration  for sam ple 2, sam ple 3, 

sam ple 4 and  sam ple 5, respectively . F irst one hour o f  annealing  for each  

sam ple w as perfo rm ed  un d er U H V  cond itions and  the rem ain ing  tim e in 

oxygen at a p ressu re o f  5x10'^ T orr. S tructural ch aracteriza tion  o f  the sam ples 

w as perfo rm ed  using  a h igh -reso lu tion  X -ray d iffractom eter. M iscu t o f  the 

sam ples w as determ ined  from  the varia tion  in  B ragg  angle fo r the sym m etric  

d iffraction  m easured  fo r d iffe ren t azim uths.

Figure 5.15 RHEED images o f high vicinal MgO substrate (Sample 3J after the UHV 
heat treatment recorded along <110> direction which corresponds to the case when 
electron beam is incident (a) along the step edges and (b) perpendicular to the step 
edges.

T he R H E E D  im age ob ta ined  fo r the substra te  o f S am ple 2 reco rded  at 

room  tem peratu re  afte r 5 hours o f  hea t trea tm en t is show n in F igure .5 .3 . 

F igure 5 .3 .(b) show s that the vertical la ttice rods and the horizontal K ikuchi 

lines are sharper and prom inent. T he sam e im age ob ta ined  fo r the substra te  o f 

S am ple 3 (F igure 5 .15) show ed w eak  features. T he horizontal K ikuchi lines are 

observed  only  w hen  the d irec tion  o f  the incident e lectron  beam  is d irected  

across the step  edges and represen ts increased  inelastic  scattering  due to the 

presence o f  atom ic steps [16]. R H E E D  im ages o f  the substra tes o f  S am ple  4 

and S am ple 5 are no t d iffe ren t from  F igure .5 .3  hence not show n. T he average 

m iscu t angle determ ined  fo r the substra tes from  the separation  o f  d iffraction  

spots m arked  w ith arrow s in the R H E E D  pattern  and tilting  o f  K ikuchi lines 

w ith  reference to  shadow  edge is ~ 2 .I°  and agrees w ell w ith  the m iscu t angle 

found from  the H R X R D  m easurem ents. T his co rresponds to a step  heigh t o f 

0.21 nm . A fter the grow th o f  F e304  film  on these substra tes p re-annealed  for



154

different time duration, the m iscut angle for the film s were found to be same as 

that o f  the substrate within the accuracy o f  RHEED measurements.

Sample 5 
Sample 4 
Sample 3 
Sample 2

o

o

> *

- 0.2 0.1 0.0 0.1 0.2 0.3
(0-2Q (Degrees)

Figure 5.16 The co-26 scans of Sample 2 ,Sample 3 Sample 4 and Sample 5, measured 
relative to the (200) Bragg reflection of MgO.

The structural characterisation o f  the film s was performed using 

HRXRD. The co-20 scans performed for symmetric (200) (figure 5 .16) and 

asym metric (311)  Bragg reflections gave in-plane and out-of-plane lattice 

constants values o f  0 .8426  nm and 0 .8372  nm respectively for the Pe304  film s. 

This indicates that the film s are fully strained with a tetragonally distorted unit 

cell.

Resistivity measurements on these sam ples revealed a clear Verwey  

transition near 109 K (±1 K) for both along and perpendicular to the step edge 

directions. Figure 5.17 shows the resistivity as a function o f  temperature for 

Sample 2 Sam ple 3 Sample 4 and Sam ple 5. The resistivity was found to have 

an activated behaviour with an activation energy o f  ~ 30 m eV and 60  meV  

above and below  the V erw ey transition temperatures (Tv) respectively. The 

percentage difference in resistivity along and across the step edges at 130 K are 

55%, 34%, 54%, and 43% for Sam ple 2, Sam ple 3, Sam ple 4, and Sam ple 5 

respectively.
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Figure 5.17 Resistivity as a function of temperature measured (a) along and (b) 
perpendicular to the step edges for Sample 2, Sample 3, Sample 4 and Sample 5..

M agnetoresistance for all the sam ples were m easured from  room 

tem perature down to 77 K for the direction of current along and perpendicular 

to the step edges while keeping the direction o f m agnetic field parallel to the 

current direction. MR was found to increase with the decreasing tem perature 

and was highest at Verwey transition tem perature (Ty) for both directions. 

Figures 5. 18 (a) and (b) show the M R at 130K for all the samples with current 

driven in the direction across and along the step edges respectively. Figures 5. 

19 (a) and (b) show the M R at Tv and Figures 5. 20 (a) and (b) show the M R at 

105K. Figure 5.21 shows the M R m easured at 2 Tesla field in all samples at 

different tem peratures in the direction along and across the step edges. All 

samples showed a clear peak near to Tv w hich is due to the abrupt changes in 

the therm odynam ic quantities accom panied with the first order Verwey 

transition. Figure 5.22 shows the difference in M R (M Rse) at Tv (109+1 K) 

observed between current and field direction along and across the step edges at 

2 Tesla field, with different annealing time.
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Figure 5.18 Magnetoresistance MR of Sample 2, Sample 3, Sample 4 and Sample 5 
measured at 130K for the current and field direction (a) perpendicular to the step 
edges and (b) along the step edges.
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Figure 5.19 Magnetoresistance MR o f Sample 2, Sample 3, Sample 4 and Sample 5 
measured at Verwey transition (Tv) for the current and field direction (a) 
perpendicular to the step edges and (b) along the step edges.
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Figure 5.20 Magnetoresistance MR of Sample 2, Sample 3, Sample 4 and Sample 5 
measured at 105 K for the current and field direction (a) perpendicular to the step 
edges (b) along the step edges.
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Figure 5.21 Magnetoresistance MR at 2 Tesla field of Sample C as a function of 
temperatures for the current and field direction across (a) and along (b) the step 
edges.
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Figure 5.22 Difference in Magnetoresistance measured along and across the step 
edges (M Rse) of Sample 2, Sample 3, Sample 4 and Sample 5 measured at Verwey 
transition (Tv) at 2 Tesla field as a function of annealing time. In all the cases the 
magnetic field is parallel to the current direction.
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5.3.6 Discussion

The observed value o f  M R is higher than any o f  the previously reported 

MR values for epitaxial m agnetite film s [6-8,13]. Previous efforts by Z iese et 

al [13,17] to enhance the M R o f epitaxial Fe304  film s grown on patterned MgO  

and M gA l204  substrates having step edge array (80-120  nm step height and 10- 

20 |o.m w ide stripes) have not yielded substantial M R increase. They found that 

the anisotropy in M R with reference to the step edge direction was not large 

(1.8% at 3T, 80K ) for the case o f  film s grown on patterned M gO substrates, 

whereas they obtained relatively larger MR anisotropy for film s grown on 

patterned M gA l204  (5% at 3 T, 105K). They attributed the results on patterned 

MgO to the presence o f  larger density o f  APBs within the stripe. For film s 

grown on patterned M gA l204 , the disorder at step edges enhances the spin 

scattering leading to a larger anisotropy in M R, since the effect due to step 

edges is not smeared by the APBs. Recently, Bollero et al [18] have reported 

that due to the presence o f  A PBs within the film , Pe304  film s grown on 

bicrystal M gO (100) substrate having a 28° grain boundary did not yield any 

enhancem ent in M R across the grain boundary. In our case, due to the 

preferential alignm ent o f step edges along the direction perpendicular to the 

miscut, A PB s are formed due to the presence o f  atom ic height steps (0.21 nm) 

on M gO substrate. The terrace width (24.05 and 5.96 nm for 0.5° and 2° 

miscut, respectively) is quite small in com parison to the width o f  step edge 

array used by Ziese et al [13,17]

The M R behaviour o f  epitaxial m agnetite thin film s containing APBs 

has been analysed by Eerenstein et al. [6] and Z eise and Blythe [7] within one­

dim ensional m odels. Concerning the M R o f the Fe304  film s on vicinal 

substrates, w e noticed that contrary to the prediction o f  the m odels, the field  

dependence o f  M R deviates from a linear behaviour below  a certain 

temperature (130  K). The above m odels assum e quite a sim plified spin 

structure o f  APB whereas the spin structure could be more com plex. The spin 

dependent scattering across the APB w ill be strongly influenced by spin 

structure and the strain fields associated with it. Furthermore, to explain the 

temperature and field  dependence o f  MR, variations in the mismatch strain 

with the temperature and presence o f  the V erw ey transition also need to be 

considered. If the additional MR induced by the step edges arises due to the 

spin polarized tunnelling (SPT) across the A PBs, one expects the M R to scale
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with the spin polarization, P. The dependence of spin polarization on 

m agnetization (M ) is com plex but we use Julliere’s model [19J w ithin the first 

approxim ation (P  oe M ), this predicts M R as;

M R = P^/(l+P^) (5.2)

From (5.2), one would expect the MR to follow the relation :

MRoc - (Mg/Ms)^ (5.3)
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Figure 5.23 Magnetoresistance as a function of applied magnetic field for sample 2 
measured across the step edges at 109 K along with the magnetization loop at the 
same temperature. Arrows indicate the direction of field.

where Mg and M., are the global m agnetization (or the net m agnetisation of the 

sample at a particular field value) and saturation magnetization, respectively. 

This model is quite successful in explaining the MR behaviour o f devices made 

of bicrystal or grain boundary junctions [13,20,21]. Figure 5.23 show the 

m agnetization and M R in low field across the step edges. The M R peaks at the 

coercivity fields o f the film (Hc= 0.0205 Tesla). A sim ilar correlation with the 

coercive field was noted throughout the tem perature range. To check the 

validity of the model yielding the dependence (5.3), we plot MR against the 

squared m agnetisation norm alized to the saturation m agnetization, -  (Mg^Ms)^
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(Figure.5.24). Only a small fraction o f the observed low field M R can be 

explained on the basis o f relation (5.3). The observation of a two step 

transition from a sharp low field M R to a gradual high field MR (the crossover 

field being much greater than the coercive field) for our case cannot be 

explained within the simplified picture of Ju lliere’s model [19]. The model 

assum es that

the extent of SPT depends on barrier conductance and relative orientation of 

m agnetization directions o f uniform ly m agnetized spin systems on each side of 

the boundary, which are magnetically decoupled. In our case, the situation is 

m ore com plicated due to the reason that the magnetization vectors across an 

APB are closely related. M oreover, the tunnelling probability could be affected 

from  the variations in local m agnetization within the domain, atomic 

arrangem ent and spin configuration of the APBs, terrace width, etc. Although, 

our observations are not in agreem ent with the relation (5.3), the MR 

contribution arising from SPT cannot be com pletely ruled out. In order to
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Figure 5.24 Magnetoresistance of sample 2 along with the bulk magnetization 
normalized to the saturation magnetization -(Mg/Ms)^ as a function of applied 
magnetic field measured across the step edges at 109 K. Arrows indicate the direction 
of field increase.
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Figure 5.25 Spin structures o f one of the magnetic sublattices of magnetite across an 
antiphase boundary, for (a) weak and (b) strong magnetic fields respectively, showing 
the variations in domain wall widths with an applied magnetic field.
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explain the MR in the films we consider spin dependent scattering at the 

antiphase boundaries. Such scattering results from the spin-spin interaction. 

The second m echanism  o f the scattering could be that the lattice deformation 

takes place at the APB resulting from the magnetostriction. The 

magnetostriction is altered by the external magnetic field that changes the 

scattering. Needless to say, the scattering at the APBs is additional to the other 

spin-dependent scattering taking place within the grains. The misaligned 

direction o f spins at the APB leading to the spin scattering is a result of two 

factors: the frustrated exchange across the APB and the interaction with the 

domains adjacent to the APB. W ith increasing m agnetic field, the magnetic 

domains adjacent to the APBs pull against the frustrated exchange interaction 

and reduce the magnetic inhomogeneity at the APB and consequently the 

scattering induced by it. This model explains the observations in the higher 

magnetic field (above 1 T) whereby the MR increases with the field and yet the 

magnetisation is virtually saturated. Indeed the volum e of the region with 

frustrated exchange at the boundaries is very small by com parison with the 

overall volume o f the sample. Therefore, the more collinear alignment of the 

spins at the APB has no significant effect on Mg. Still, these APBs with 

increased co-linearity of the spins become less effective in scattering electrons. 

The model is schematically presented in Figure 5.25. For simplicity, only one 

of the magnetic sublattice of magnetite is shown. The Figures 5.25 (a) and (b) 

schem atically show the situation with smaller and greater field values 

respectively. Figure 5.25 (b) shows that the width o f the area with m isaligned 

spins is reduced when a stronger magnetic field is applied. In a recent 

investigation it was shown that the extent of exchange coupling induced by the 

APBs depends on the therm o-m agnetic history o f the sample [22]. Our results 

also suggest that the APBs are non-stoichiom etric with defects expected at both 

cationic and anionic sublattices [23].

The above mechanism is based on the same concept of 

m agnetoresistance caused by spin dependent scattering as applied in spin 

valves. An alternative m echanism  of the anisotropy of M R can be constructed 

in particular with the view to explain the tem perature dependence o f the 

m agnetoresistance. In our experim ents the M R increases substantially in the 

vicinity o f the Verwey transition and the MR anisotropy develops at the same 

time. The increase in MR at the Verwey transition is not unusual and is
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reported  by several o ther researchers in th in  film s and bu lk  single crysta l o f 

m agnetite  [7,8, 21], To exp lain  the p resence o f  M R  peak in the v ic in ity  o f 

V erw ey transition , G irdin  and co -w orkers [24] used the es tab lished  facts 

regard ing  the transport in F e 3 0 4  and therm odynam ic argum ents re la ted  to  the 

V erw ey transition . T racing  the d iscon tinuous changes in en thalpy  and  en tropy  

w ith  resistiv ity , they p roposed  tha t the ju m p  in M R  can  be d escribed  as 

(p* =  A M H /k g S T j/j , w here AM  is the change in m agnetiza tion  across Tv and

8T1/2 is the fu ll-w id th  at h a lf  m ax im um  o f the M R  peak  at Ty. T hey  co rre la ted  

the M R  peak  am plitude w ith  the d iscon tinuous changes in m agnetiza tion  (0.1%  

decrease) and  the w idth o f  transition . Sm all decreases in m agnetiza tion  could  

be related  to  the partial condensa tion  o f  op tical phonon m odes. In a  recen t 

report, O gale e t al.[8] has reported  the presence and absence o f  M R  peak  in 

m agnetite  thin film s o f  (100) and  (111) o rien tations respectively . T heir data  

em phasize the ro le o f strong  electron -phonon  coup ling  and po laron ic 

co rrela tion  effects in con tex t o f  the carrie r transport in F e 3 0 4 . T hese 

observa tions exp lain  the gross fea tu re  o f  tem peratu re dependence in o u r case, 

but not the d iffe rence in the m agn itude o f  M R fo r tw o d irec tions reported  here. 

As d iscussed  below , the observed  resu lts can be explained  by the an iso tropy  in 

m agnetoe lastic  p roperties o f  the film s induced  by the p resence o f  A PB s and the 

subsequen t m odifications to  the po laron ic  states.

F or a sta rt w e should  po in t ou t tha t the V erw ey transition  in ou r film s is 

o f  the first o rder as indeed  expected  fo r sto ich iom etric  m agnetite . T his is 

confirm ed by the presence o f  the hysteresis  in the tem peratu re dependenc ies o f 

m agnetisation  and resistiv ity . In ou r study  (see chap ter 4 fo r details) w e have 

show n tha t the p resence o f  A PB s affects the elastic  property  o f  the film s and 

enables them  to  m aintain  a fu lly  stra ined  state up to  th ickness m uch  g rea ter 

than those estim ated  from  the m ism atch  strain , as there is com pressive  strain  at 

the dom ain  boundaries. B ecause o f  the h igh ly  d irec tiona l nature o f  step  edge 

induced  A PB s in the film s grow n on v ic inal substra tes the elastic  p roperties o f 

the film  w ill be an iso trop ic. This suggests that the m agnetoe lastic  response of 

these film s w ill depend  on the re la tive  o rien tation  o f  the m agnetic  fie ld  and 

step  edges. T herefo re , the m agnetostric tion  an iso tropy  w ill cause  d istinctly  

d iffe ren t m odifications o f  in ternal stress and co rrespond ing ly  the phonon  

spectra  fo r the tw o directions: a long  and perpend icu lar to  the step  edges. In
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addition  to  an iso trop ic elastic p roperties, the structural d iso rder associa ted  w ith 

the A PB m odifies the cation ic coo rd ina tion  and affects the nearest- and next 

nearest- neighbour C ou lom b in teractions energ ies that are responsib le  fo r the 

short- and long- range ordering o f  carriers.

G iven  the m agnetoelastic  coup ling , the application  o f  a m agnetic  field 

will affect the coup led  phonon-m agnon  m odes as w ell as the nearest- and next- 

nearest neighbour in teractions energ ies d iffe ren tly  along  the tw o directions. 

C onsequen tly , this alters the e lec tron-phonon  coup ling  and b roadens the 

po laronic bands in an an iso trop ic w ay tha t d irectly  affects the fo rm ation  o f  a 

charge o rdered  state. T he po laron ic hopping  energy , w hich  is p roportional to 

the inverse square o f  the op tical phonon frequency  w ill be affected  by the 

application  o f  a m agnetic field  v ia  coup led  phonon-m agnon  m odes. D ecrease 

in activation  energy  across the step  edges in our case reflects the soften ing  o f 

m agnon m odes and correspond ing ly  the phonon-m agnon  m odes due to the 

applied  m agnetic field. M oreover, the varia tions in m ism atch  strain  due to 

d iffe rences in the therm al expansion  coeffic ien ts o f  Fe304  and M gO  and strain  

associa ted  w ith the cub ic-m onoclin ic  structu ra l phase transition  at the V erw ey 

tem peratu re w ill a lso  have an in fluence on the charge ordering  process. In light 

o f above suggestions, the application  o f  a  m agnetic field  w ill suppress the 

form ation  o f  a charge ordered  state across the step  edges to a g rea ter extent 

than along them  lead ing  to a  la rger am plitude o f  M R across the step edges. The 

above physical p ic tu re exp lains qualita tive ly  the observed  an iso tropy  in the 

M R peak m agnitude, but the precise m echan ism  is not c lea r at this tim e.

T he increase in M R  w ith  increasing  annealing  tim e suggests the 

form ation  o f  sharp  atom ic step-terrace structu re  w hich  acts as a  tem pla te for 

the fo rm ation  o f  A PB s w ith out o f  p lane shifts across the steps. T he form ation  

o f  sharp horizontal K ikuchi lines in the R H E E D  im age afte r 5 hours o f 

annealing  confirm s the sam e. T he increase in resistiv ity  d iffe rence along and 

across the step  edges w ith  the annealing  tim e and increase in M R  anisotropy 

represen ts the increased  A PB  density  w hich  in turn  is re la ted  to  the surface 

m icrostructu re o f  the substrate. A nnealing  M gO  substra tes at h igher 

tem peratu res leads to  step-bunch ing  [11, 25]. O ur prev ious analysis suggests 

that the p robab ility  o f  A PB  form ation  is sign ifican tly  low er if  the heigh t o f  the 

bunched  steps on M gO  substra te  is an even  m ultip le  o f  m onoatom ic step  height 

[6], So the annealing  tem peratu re w as kept constan t at 600°C  fo r all the
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substrates. The sHght decrease in MR for longer anneahng tim e (13 hours) in 

Sam ple D is possibly due to the segregation o f  impurities like Ca on the surface 

o f  M gO. Longer annealing duration and high temperature annealing can cause 

the segregation o f  Ca on the surface o f  M gO substrate [25]. The Ca segregation  

w ill g ive rise to an increase in the stress energy o f  the surface. To release this 

energy , steps are found to be bent around the segregated Ca or in other words 

Ca impurity restricts the azimuth o f the step line [26]. The bending o f  steps 

around the Ca segregation can greatly hinder the formation o f  highly  

directional out-of-plane shifted APBs. The optim um  duration o f  substrate 

annealing was found to be 5-9  hours at 600°C and 5x10'^ Torr oxygen  pressure 

with one hour in UHV prior to the insertion o f  oxygen.

5.4 Conclusion
In summary, w e have observed a strong anisotropy in the M R in close  

correlation with the direction o f  current and step-edges in epitaxial Fe304  film s 

grown on vicinal M gO  (100) substrate. M agnetization measurements clearly 

demonstrate the formation o f  a greater number o f  antiferrom agnetically  

coupled antiphase boundaries due to the presence o f  step edges in the vicinal 

substrate. W e describe two m echanism s for the observed d ifference in MR  

along two equivalent crystallographic directions on the surface. The first one is 

based on spin dependent electron scattering along the A PBs. The second  

m echanism  suggests a d ifference in the reduction o f  m agnetisation values 

along and across the A PBs resulting from the difference in m agnetoelastic 

properties. M agnetoresistance properties o f  epitaxial Fe304  film s on vicinal 

M gO substrate show a direct dependence on the substrate annealing duration. 

The increased annealing time (5-9 hours) significantly m odifies the surface 

m orphology M gO  substrate and in turn provides a better tem plate for the 

formation o f  A PBs o f  Fe304  thin film s deposited. Further increase in annealing 

tim e (13 hours) leads to a slight decrease in M R which could be due to 

impurity segregation on the surface.

The increase in the low  field M R due to the step induced spin scattering 

in Fe304  film s is an important result to realize future spin-electronics 

applications o f  m agnetic nano-structures. W e wish to point out that the 

differences in the values o f  MR reported for Fe304  film s are linked to the
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microstructural properties and strongly depend on the m iscut magnitude and 

direction. Antiphase boundaries are expected to form in various other spinel 

materials as well as numerous non-spinel films provided the substrate for the 

epitaxial film growth is chosen correctly. Therefore, we suggest that the 

observed increase in magnetoresistance is not necessarily limited to magnetite 

films only. It is likely that m agnetoresistance of some other epitaxial films 

could be enhanced in the same way if the films are grown on vicinal substrates 

and the pattern o f antiphase boundaries with preferential orientation is formed.
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Chapter 6

Strain relaxation behaviour and 
magnetotransport properties of (110) 

oriented Fe3 0 4  thin films
6.1 Introduction

Fc304  (110) epitaxial film s, grown on M gO (110) substrates, are 

extensively used as a pinning layer in spin valves like C o/C u/C o/Fe304 

structures and as a bottom electrode in tunnel junctions like C oF e/A 1 0 x/Fe304 

trilayer structures [1,2], Since the m agnetic easy axis and hard axis lie along  

< 1 1 0 >  and < 0 0 1 >  directions on the surface plane, the MR properties are 

expected to show different trends due to the difference in the m agnetization  

(M ) curves. Previous reports on M S and M R behaviour o f  Fe304 ( l  10) epitaxial 

film s grown on M gO (llO ) substrate, show a sharp rectangular magnetic

hysteresis loop when field is applied along < 110 > easy axis and 0.65%  MR  

at 120”C (V erw ey temperature Tv) with an applied field  o f  0. IT esla [3]. To our 

know ledge there are no detailed reports on the com parison o f  M R measured 

along < 1 1 0 >  and < 001 > direction in (110)  oriented Pe304  thin film s. 

Previous reports on Fe304/M g 0  (110)  hetero epitaxial system s show  that film s 

are fully strained [1-4].

In this chapter, w e present a detailed study o f  strain relaxation  

behaviour and crystallographic direction dependence o f  M R in (partially strain 

relaxed) Fe304  (110)  film s having different thickness grown on M gO (110)  

substrates. The high resolution X-ray diffraction studies show that film s are 

partially strain relaxed. M R studies as a function o f  temperature and thickness
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on these film s reveal that the field  dependency  o f  M R  show s drastically  

d iffe ren t features w hen m easured  w ith  curren t and field  along < 1 1 0 >  and 

< 0 0 1> d irec tions. M R along the < 0 0 1> d irec tion  is found  to  be h igher than M R

m easured  along the < 110 > d irec tion  and  also  M R  values reported  fo r F e304 

film s at 1 T esla  field  apart from  film s deposited  on v icinal M gO  substra tes (see 

chap te r 5). T he observed  an iso tropy  in M R  behav iou r o f  F e304  film s is related 

to the strain  re laxation  status o f  the film , an tiphase boundaries (A P B s) and 

m agnetocrysta lline  an iso tropy  o f  F e304  film s.

6.2. Experiment
T he P e304  th in  film s (th ickness:20-200nm ) w ere grow n on (110) 

o rien ted  M gO  single crysta l substra tes (cut along < !1 0 >  d irec tion  w ith in  

± 0 .5 °) using  oxygen  p lasm a assisted  m o lecu lar beam  ep itaxy , M B E, system  

(D C A  M B E  M 600). T he g row th  deta ils can  be found in the prev ious chapters. 

R eflection  high energy  e lec tron  d iffraction , R H E E D , w as used to m onito r the 

grow th m ode and grow th rate (0.3 A/s).

M agnetization  m easurem ents w ere perfo rm ed  using an alternating  

grad ien t field  m agnetom eter (M icrom ag-3900 , P rinceton  M easurem ents, U SA) 

w ith a sensitiv ity  o f  10"* em u. The m agnetization  verses field  (M -H ) loops 

w ere m easured  at room  tem peratu re by  app ly ing  the m agnetic field  (m axim um  

field o f  1 T esla) in the film  plane along  the < 001>  d irec tion  and < 1 1 0 >  

d irections. The low  tem peratu re m agnetiza tion  m easurem ents w ere carried  out 

using a Q uan tum  D esign M P M S -X L  SQ U ID  m agnetom eter. R oom  

tem peratu re  R am an spectroscopy w as perfo rm ed  in the backscattering  

configuration  using R ainshaw  1000 M icro  R am an system . T he Ar"  ̂ ion laser 

(514.5 nm ) w as used for the R am an m easurem ents.

S tructural characteriza tion  o f  P e304  th in  film s w as done using  a m ulti­

crystal h igh-reso lu tion  x-ray  d iffractom eter, H R X R D  (B ed e -D l, B ede, UK). 

T he H R X R D  in double or trip le  axis configuration  w as perfo rm ed  to confirm  

the ep itax ial rela tionsh ip  o f  the F e304 /M g 0  hetero-ep itaxy . The ou t-of-p lane 

(ax) la ttice param ete r w as determ ined  from  the analysis o f  CO-20 scans 

m easured  around  the sym m etric (220) d iffraction  p lanes com m on to the 

substra te  and thin film . S ince the (110) surface is o f  low er sym m etry  w ith  two 

lattice param eters (dooi= apeam and d .n o = ^ 2 aFe304) orthogonal to  each  other,
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asym m etric scans were performed on two different in-plains to find the in-plain 

lattice constants. The in-plane lattice constant o f thin film  an = dooi, was 

measured by performing asym metric scans on (222) and (444) diffraction  

planes o f  the substrate and thin film  and a\\ =  d.no, was measured by 

performing asym m etric scans on (400) and (800) diffraction planes o f  the 

substrate and thin film.

For electrical resistivity and m agneto-resistance m easurements a 

standard dc-four probe technique was em ployed. The sample was m ounted on a 

copper block fitted onto a cold  finger o f  the closed  cycle refrigerator. 

Temperature o f  the sample stage was monitored using a G aA lA s thermometer 

and controlled within ±0.05 K. For magneto-transport m easurements, the cold  

finger was inserted into an electrom agnet (Bruker, Germany, M odel:B -E 10V ). 

U sing this m agnet it was possib le to vary the field strength m axim um  up to 1 

Tesla. Orientation o f  the m agnetic field in a desired direction was set by 

rotating the sam ple stage. The magnetoresi stance results reported here were 

obtained by keeping the direction o f  m agnetic field and current parallel to each  

other unless otherwise stated. The MR is defined as; MR% = [R(H)- 

R (0)/R (0)]*100, where R(H) and R(0) are the resistances o f  the sam ple with 

and without field respectively. To determine the m agnetoresistance anisotropy, 

the measurements were carried out by passing current in two directions, which  

are orthogonal to each other i.e. along < 0 0 1> and < -l 10> directions.

6.3 Results and discussion
6.3.1 RHEED measurements

Figures 6.1(a) and (b) show  the RHEED pattern o f  the M gO  (110) 

single crystalline substrate measured along the < 0 0 1> and < 1 1 0 >  azimuths 

respectively, after fo llow in g the cleaning procedure described in the 

experim ental section. It shows vertical lattice rods and radial Kikuchi lines 

indicative o f  a w ell ordered and flat surface.

Figures 6 .1(c) and (d) show  the RHEED pattern after the growth o f  200

nm thick Fe3 0 4  thin film  measured along the < 0 0 1> and < 1 1 0 >  azimuth 

respectively. The appearance o f  half order streaks was accom panied by the 

oscillations in the intensity o f  secularly reflected beam. The period o f  

oscillation corresponds to the growth rate 0.3 A /s and confirm s that the film



174

growth occurs in a layer-by -layer m ode. Figures 6.2 (a) and (b) show the 

RHEED pattern after the growth o f  20 nm thick Fe304  thin film  measured 

along the <001>  and < 110 > azimuth respectively.

Figure 6.1 RHEED pauem  of (a) MgO substrate with electron beam directed along 
<00l>  azimuth (b) along <-l 10> azimuth (c) and (d) after the growth of 200nm thick 
Fc3 0 4  film along < 001 > and <-l 10> azimuths respectively.

6.3.2 Raman spectroscopy
Room  temperature Raman spectroscopy was performed in order to 

ascertain the Fe304  phase. The excitation w avelength used was 514.5nm  from  

an Ar'^ion laser (Laser Physics Reliant 150 Select M ulti-Line) with maximum  

power o f  ~10m W  (Although ~3m W  power was used for the measurements in 

order to avoid excessive heating and oxidation).

The m agnetite thin film s grown on M gO (110)  substrate showed Raman 

shifts corresponding to the Fe304  phase. Figure 6.2 shows Raman shifts 

observed for Fe304  film s having various thicknesses grown on M gO substrate 

and the results are tabulated in T ab le .6 .1. The m ost intense Raman peak is

(a) (b)

(c) (d)
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shifted to lower wave number position in comparison with the values observed 

for bulk

Film Thickness
20nm
30nm
60nm
90nm
200nm

(A

'E
3
>«
k _re

<
>.
tnc
a>
c

200 300 400 500 600 700 800 900

Raman Shift (cm'^)

Figure 6.2 Ram an sh ifts observed for F e304  (110) film s having various th icknesses  
grow n on M gO  (110) substrate. C urves are sh ifted on the vertical ax is for clarity.

Sample Raman Shift (cm *) 

(±0.01cm ’)

Bulk Fc304 670 FWHM 540 308

20 nm FC304 661.92 36.27 534 311

30 nm Fe304 662.42 39.14 536

60 nm Fc304 664.05 33.94 536 308

90 nm Fe304 664.45 33.33 534 302

200 nm Fc304 664.99 32.69 534 305

Table 6.1 Raman sh ifts observed for Fe3 0 4  (1 1 0 ) film s having various th icknesses  
grow n on M gO  (1 1 0 ) substrate.
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Figure 6.3 V aria tion  o f  m ost intense R am an peak  position  w ith thicicness.

single crysta l o f  F e304  (w hich  are 670, 540  and 308 cm  '(+ 0 .0 1 c m ''))  fo r film s 

having sm all th ickness and as the th ickness increases the values are shifting 

tow ards the bulk  values. F igure 6.3 show s the variation  o f  m ost intense peak 

position  w ith  th ickness. N o R am an peaks co rrespond ing  to  the o ther iron oxide 

phases w ere present. This resu lt suggests the occurrence o f  strain relaxation 

w ith  increasing  film  th ickness. T here is a shou lder in the m ost in tense peak o f 

20 and 30 nm  film  w hich could  arise from  the ox idation  o f  the film . R am an 

m easurem ents therefore confirm  that the film s are m agnetite  and indicate the 

presence o f  strain  relaxation  w ith in  the film .

6.3.3 HRXRD measurements
Figure 6 .4  show s the reflec tiv ity  scans o f  P e304  film s grow n on M gO  

(110) substra tes w ith  d iffe ren t th ickness. T he th icknesses m easured  from  the 

scans are 20, 30, 60, and 90nm  (±2nm ). T he th ickness values determ ined  from  

reflectiv ity  m easurem ents are in good  ag reem ent w ith  t estim ated  from  

observed  grow th  ra te  from  R H E E D  in tensity  oscilla tions. F igure 6.5 show s the 

CO-29 scans (m easured  in trip le-ax is con figu ration  a t room  tem perature) fo r the
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(220) and (440) sym m etric  B ragg reflec tions o f  M gO  and film  respectively  for 

d iffe ren t th ickness (20-200  nm ) F e304  film s. T he horizontal axis in  the

'E
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(0-20 (Arc Sec)

Figure 6.4 The reflectivity scans for o f Fe304 films grown on MgO (110) substrates 
with thickness (a) 20 nm (b) 30 nm (c) 60 nm and (d) 90 nm.

figure is show n w ith  reference to the B ragg  angle o f  the (220) re flec tio n  for the 

M gO  substrate. T he curves are sh ifted  along  the vertical axis fo r clarity . T he 

bottom  and top  m ost cu rves belong  to  20 nm  and 200  nm  th ickness 

respectively . T he full w idth  at ha lf o f  m ax im um  (FW H M ) o f  the film  peak  w as 

found  to  decrease  w ith  increasing  film  th ickness. T he FW H M  fo r film  peak  

w as found  to  be 0 .34, 0 .19, 0 .099, 0 .056  and  0.0249° fo r 20 nm , 30 nm , 60nm , 

90nm  and 200  nm  th ick  film s respectively . T he value o f  a i  fo r the F e304  th in  

film s w as determ ined  from  the separation  o f  film -substra te  peaks and w as 

found  to  be increasing  w ith increasing  film  th ickness. F igure 6 .6  show s the 

varia tion  o f  axw ith  th ickness. Independen t (o-rocking curves fo r  film  and 

substra te  peaks ind icated  that the m osaic spread  in the F e304  th in  film s w as 

com parab le  to that o f  the substrate.

T he o>n0 scans (m easured  in double ax is configuration  at room  

tem peratu re) fo r the (222) and (400) asym m etric  B ragg reflec tions o f  M gO  

w hich  is com m on to the (444) and  (800) reflec tions o f  the F e304  film , in
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Figure 6.5 The co-20 scans for Fej0 4  films with different thickness on MgO (110) 
substrates, measured for symmetric (220) Bragg reflection common to substrate and 
thin film. Curves a. b. c d and e corresponds to 20, 30, 60, 90 and 200 nm film 
thickness respectively. Curves are shifted on the vertical axis for clarity.

g raz ing  ex it geom etry  (0)222=74.562147, 20222=78.59 and C04oo=91.9985, 

20800=93.997), are show n in F igures 6 .7 and 6.8 respectively . In the (222) 

graz ing  ex it scans, the FW H M  fo r film  peak  w as found  to  be 0 .047, 0 .0128, 

0 .009  and  0 .00688° fo r 30 nm , 60nm , 90nm  and 200  nm  th ick  film s 

respectively  and in the (400) graz ing  ex it scans, FW H M  for film  peak w as 

found  to  be 0 .0089, 0 .0057 , 0 .00518  and 0 .00367” fo r 30  nm , 60nm , 90nm  and 

200  nm  thick film s respectively . T he F W H M  for the substra te  peak  in (222) 

graz ing  ex it scans w as 0.0058° and  fo r (200) grazing  ex it scans it w as 0.0032°.

In addition  to  grazing ex it (G E) geom etry , asym m etric  scans w ere also 

perfo rm ed  using  graz ing  inc idence (G I) geom etry . F rom  the analysis o f  G E  and 

G I asym m etric  scans we ob ta ined  the in -p lane lattice param eters o f  the film s in 

tw o orthogonal d irec tions (< 0 0 1> and < 1 I 0 > ) .  T he a || w as found  to be

1.19160 ( < 1 I 0 > )  and 0 .8426  nm  (<001> ) fo r 30nm  film , w ith in  the 

experim en tal accuracy , exactly  tw ice the substra te  la ttice constant. F or all other 

film s the a || is found  to be decreasing  and app roach ing  tow ards the bulk value, 

w ith increasing  th ickness.
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Figure 6.6 Variation o f out o f plane lattice constant ( aj^) w ith  thickness.
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Figure 6.7. The C0-n6 scans for Fc304 films with different thickness on MgO (110) 
substrates, measured for asymmetric (222) Bragg reflections common to substrate and 
thin film. Curves a, b, c and d correspond to 30, 60, 90 and 200 nm film  thickness 
respectively. For asymmetric (222) Bragg reflection measurements, the grazing exit 
geometry was used. Curves are shifted on the vertical axis for clarity.
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Figure 6.8. The co-n6 scans for Fc304 films with different thickness on MgO (110) 
substrates, measured for asymmetric (400) Bragg reflections common to substrate and 
thin film. Curves a, b, c and d corresponds to 30, 60, 90 and 200 nm film  thickness 
respectively. For asymmetric (400) Bragg reflection measurements, the grazing exit 
geometry was used. Curves are shifted on the vertical axis for clarity.

Figures 6.9 and 6.10 show the variation o f a|| w ith  film  thickness along 

< 110 > and <001> respectively. The smaller value o f ax observed in the case 

o f 20nm film  could be due to the oxidation which is also evident from  the 

observation o f additional Raman bands.The observed strain relaxation along 

<001> direction was 4.83 , 2.76, 0.7 and 0% fo r 200, 90, 60, and 30nm film s 

respectively. The observed strain relaxation along <110> direction was 4.29 , 

2.35, 1 and 0.39% fo r 200, 90 60, and 30nm film s respectively.

The detailed structural characterization o f the Pe304  film s grown on 

MgO (100) substrates, shows that film s undergo strain relaxation above 30nm 

thickness and the amount o f strain relaxation increases w ith  the increase in 

thickness. The amount o f relaxation is found to be 12% and 18% higher in the

<001> direction compared to < 110 > direction fo r 200nm and 90nm film  and 

60 nm th ick film  showed 30% less relaxation along <001> direction compared 

to < 110 > direction.
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6.3.4 Resistivity measurements
T he resistiv ity  as a function  o f  tem peratu re w as investigated  in these  

film s. T he V erw ey transition  tem peratu re  w as found to  be th ickness dependent. 

F igure 6.11 show s varia tion  o f  resistiv ity  w ith tem perature . The V erw ey 

transition  w as observed  in film s w ith  th ickness g rea ter than 20nm . S ince 

V erw ey transition  is very  sensitive to  the Fc304  film  sto ich iom etry  (see chap te r 

2), the p resence o f  the V erw ey transition  confirm s that the film s are 

sto ich iom etric . T he absence o f  V erw ey transition  fo r a  20 nm  film  is in line 

w ith the prev ious reports [5] regard ing  the observa tion  o f  no V erw ey transition  

in low er th ickness film s g row n on M gO  (100) substrates. R esistiv ity  values 

fo r these film s w ere found to decrease  w ith  an increase in th ickness. F or film  

th ickness above 90 nm , the resistiv ity  values d id n ’t show  m uch variation . T he 

resistiv ity  resu lts and V erw ey transition  tem peratures are sum m arized  in T ab le  

6 .2 .

Eo

0.01

80 100 120 140
Temperature (K)

Figure 6.11 Verwey transition observed for Fej04  films having various thicknesses 

grown on MgO (110) substrate in < 110 > and <001> directions.
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Sample Thickness

(nm)

Resitivity at 

150 K 

(Ohm-cm)

Verwey 

Transition 

Temperature (K)

Fe304/Mg0

20 0.064

30 0.019 108

60 0.008 109

90 0.0046 110.6

200 0.0043 116.2

Table 6.2 Summary of the resistivity values at 300K and Verwey transition 
temperatures observed for the epitaxial magnetite films as a function of film thickness.

6.3.5 Magnetization measurements
M agnetization m easurem ents were perform ed on sam ples with 

different thickness with m agnetic field aligned in < 1 1 0 >  and <001> 

directions. Figures 6.12 , 6.13 and 6.14 show magnetization curves obtained at 

room tem perature for films with various thickness in < 110>  and <001> 

directions respectively. The m agnetization curves obtained at room

temf)erature in the < 110 > direction show an easy axis behaviour and in the 

< 0 0 1> direction show hard axis behaviour, which is in line with the previous 

reports [4].

Sample Thickness

(nm)

Ms

(lOkOe)

xlO^(A/m)

He

(lOkOe)

(Oe)

20 877 265

30 623 727

Fe304/Mg0 60 410 550

90 482 500

200 481.6 303

Table 6.3 Summary of the saturation magnetization (Ms) and coercivity field for the 
magnetite films grown on MgO (110) substrates as a function of film thickness,
measured along < 110 > easy axis direction.
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Sample Thickness

(nm)

Ms

(lOkOe)

xlO^A/m)

He

(lOkOe)

(Oe)

20 903 96

30 608 99

Fe304/M g0 60 437 91

90 483 161

200 467 115

Table 6.4 Summary of the saturation magnetization (Ms) and coercivity field for the 
magnetite films grown on MgO (110) substrates as a function of film thickness, 
measured along < 001> hard axis direction.

The M agnetization results obtained from film s with various thicknesses 

are summarised in Tables 6.3. and 6.4 The saturation magnetization o f the 

200nm  film  was found to be 480x10'^A/m  in < 1 1 0 >  direction and 467  

xlO^A7m in < 0 0 1> direction and show ed very high values for 20 and 30 nm 

film s. A kink was observed in the < 1 1 0 >  easy axis m agnetization curves 

which are prominent in low er thickness film s and vanishes as thickness is 

increased.

1500
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Figure 6.12 Magnetization curve obtained for 20 nm magnetite film grown on 
MgO (110) substrate with in plane field directed along (a) < -l 10> and (b) <00I>  
directions.
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Figure 6.13 Magnetization curve obtained for (a) 30 nm magnetite film grown on
MgO (110) substrate with in plane field directed along < 1 1 0 >  and (b) <(X)1> 
directions (c) 60 nm magnetite film grown on MgO (110) substrate with in plane field
directed along < 110 > and (d) <001> directions.
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Figure 6.14 Magnetization curve obtained for (a) 90 nm magnetite film grown on 

MgO (110) substrate with in plane field directed along < 1 1 0 >  and (b) <001> 

directions (c) 200 nm magnetite film grown on MgO (110) substrate with in plane 

field directed along < 110>  and (d) <001 > directions.
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6.3.6 Magnetoresistance measurements

M agnetoresi stance (M R % ) m easurem ents w ere carried out in an in ­

p lane configuration . T he current w as d irected  a lon g  th e < 1 1 0 >  ea sy  ax is  

direction  and < 0 0 1> hard ax is d irection . T he m agnetic  fie ld  w as parallel to the 

direction  o f  current. F igure 6 .15  and 6 .1 6  sh ow  the m agnetoresistance cu rves  

obtained  a lon g  th e <  110 >  d irection  at d ifferent tem peratures, for a 200n m  and  

2 0n m  F e304  film s resp ectively . M R %  w as found  to  increase w ith  decrease  in 

tem perature for both the film s. T he MR% w as found  to be m axim u m  at the 

V erw ey  transition (T v = 1 1 6  K) w h ich  is 4%  for the 200n m  film . T he M R  

curves for 20 0 n m  film  sh ow ed  m axim um  resistance at the coerc ive  fie ld  (He) 

o f  the film  and a gradual increase in M R  w ith  the increase in fie ld  w as found . 

For the 20n m  film  a sharp lo w  fie ld  M R  (or sw itch in g ) w as observed  w h ich  

w as prom inent at low  tem perature. F ilm s w ith  other th ickness a lso  sh ow ed  

behaviour sim ilar to the 200n m  film .
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0.0

- 0.5

C  -2 .0
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Figure 6.15 Magnetoresitance curves measured at different temperatures for a 200  
nm magnetite film  grown on MgO (110) substrate with in plane field and current

directed along <  110 >  direction.
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Figure 6.16 Magnetoresitance curves measured at different temperatures for a 20 nm 
magnetite film  grown on MgO (110) substrate with in plane field and current directed

along <110>  direction.
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Figure 6.17 MR% observed for magnetite films grown on MgO (110) substrate 
having different thickness, at 1 Tesla field, as a function of temperature. Magnetic field

and current directed along < 110 > direction.
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F igure 6.18 AMR% (width of the switching) observed at the switching field for 
magnetite films having different thickness grown on MgO (110) substrates, as a

function of temperature. Magnetic field and current directed along < 110 > direction.

I ’he M R %  values at IT  field  as a  function  o f  tem perature for film s w ith 

d iffe ren t th ickness are show n in F igure  6.17. M R %  near the Verw'ey transition  

w as found to increase w ith increase in th ickness. The sw itch ing  effect w as 

prom inent fo r film s w ith low er th ickness. T he change in M R  (AMR%) at the 

switching field w as found to increase w ith decreasing  thickness. F igure 6.18 

show s the varia tion  o f  w idth o f  the sw itch ing  (AMR%), at the sw itch ing  field , as 

a function o f  tem peratu re  fo r film s w ith various th ickness. T he w idth  o f  the 

sw itching also  show s a peak  value near the V erw ey transition  tem perature . 

20nm  film  show ed  1% AM R at 1 lOK and at 0 .252  T  sw itch ing  field.

F igures 6 .19  and 6.20 show  the m agneto resistance curves ob ta ined  at 

d ifferen t tem peratures, fo r 200nm  and  20nm  F c 3 0 4  film s w ith field  and cu rren t 

d irected  along  < 0 0 1> direction . T he M R %  in < 0 0 1> direction  at IT  field  as a 

function  o f  tem peratu re fo r film s w ith  d iffe ren t th ickness is show n in the 

F igure 6.21. S im ilar to the < 110 > case, M R %  w as found to  increase w ith 

decreasing  tem peratu re  and to peak  near the V erw ey transition  tem peratu re 

(Tv). M R%  w as found  to increase w ith  th ickness.
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Figure 6.19 Magnetoresitance curves measured at different temperatures for a 200 
nm magnetite film  grown on MgO (110) substrate with in plane field and current 
directed along <001> direction.
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Figure 6.20 Magnetoresitance curves measured at different temperatures for a 20 nm 
magnetite film  grown on MgO (110) substrate with in plane field and current directed 
along <001> direction.
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Figure 6.21 MR% observed for magnetite films grown on MgO (110) substrate 
having different thickness, at 1 Tesla field, as a function of temperature. Magnetic field 
and current directed along < 001> direction.

T he 200nm  film  show ed 9 .5%  M R  at the V erw ey transition  (Tv =116 

K). This value o f  M R %  is found to  be 5.5%  h igher com pared  to M R%  

m easured  along  < 110 > d irec tion  and to  M R  values reported  for F e304  film s 

w ith  various orien tations and th icknesses at 1 T esla field , apart from  the film s 

deposited  on v icinal M gO  substra tes [6,7]. F ield  dependency  o f  M R  show s

drastica lly  d iffe ren t features com pared  to  the M R along  < 1 1 0 >  d irection . 

A bove V erw ey  transition  tem peratu re M R  curves show ed a ‘bu tte rfly  sh ap e’ 

w ith  tw o sym m etric  peaks arising  across the zero field  (F igure 6 .19  and 6.20). 

T he separation  betw een  the peaks decreases as the tem peratu re  is low ered  and 

vanishes at the V erw ey transition . F igure  6.22 show s the variation of the 

separation (AH) between the symmetric peaks across the zero field B elow  the 

V erw ey transition  tem perature the shape o f  the M R  curves w ere the sam e as in 

the case o f  M R  curves observed  in the < 1 1 0 >  direction . T he separation 

betw een  the peaks w as found  to  increase w ith  decreasing  thickness.
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Figure 6.22 Variation of the separation (AH) between the symmetric peak values of 
MR% observed for magnetite films having different thickness grown on MgO (110) 
substrates, as a function of temperature. Magnetic field and current directed along 
<001> direction.

6.3.7 Discussion
From the strain relaxation studies o f  epitaxial Fe304  thin film s 

grown on MgO(lOO) substrates (see chapter 4) w e found that the film s remain 

fully coherent up to much greater thickness than predicted by the FKR m odel 

( -7 0  nm), whereas the film s grown on M gA l204  (100) substrates show a 

behaviour consistent with the m odel predictions. The observed strain 

relaxation behaviour is attributed to the presence o f  A PBs which form areas 

within the film  that have opposite sign o f  stress. The stress com pensation by 

the A PB s reduces the effective stress experienced by the film s. The reduction 

in effective stress experienced by the film  depends strongly on the nature and 

density o f  A PBs. From the high resolution XRD measurements we found that 

the Fe304  film s grown on M gO (110) substrates show partial strain relaxation 

with increasing thickness. A PBs are expected to form in the case o f  Fe304 

film s grown on M gO (110) substrates as w ell. During the layer by layer growth
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F igure 6.23 Schematic illustration o f APB formation with (a) V3/2 < III > shift

vector in the <  110 >  direction and (b) by '/2< 001> shift vector in the < 0 0 1> direction 
for (110) oriented Fe304 films grown on MgO (110) substrates.

m ode, adjacent F e 3 0 4  m on olayers m ay be sh ifted  by V s/2  < l l l > o r  

V3/2< 111 > shift vectors in the <  110 > d irecd on  and by 1/2<001> sh ift vector  

in the < 0 0 1> direction . T he islands separated by  th ese sh ift vectors can  

even tu a lly  form  A P B s w hen  they co a le sc e . F igure 6.23 sh ow s the p o ss ib le  

A P B  form ation  in <  110 >  and < 001>  d irection s. In the ca se  o f  F e3 0 4  f i lm s  

grow n on M gO  (100) substrates the adjacent m on olayers can be related w ith  7 

sh ift vectors (1/4<110>, 1 /4 < 1 1 0 > ,  1 /2<100>,1/4<101>, 1 /4 < 1 0 1 > ,

1 /4< 011>  and l / 4 <  OH > w h ich  can form  [8 -1 0 ] A P B s w hereas there are o n ly  

3 p oss ib le  shift vectors w h ich  can g iv e  rise to  A P B s during the grow th  o f
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Fc304  film s on M gO (110) substrates. This g ive rise to 40% more probability 

for the formation o f  A PBs in the Fe304  film s grown on a M gO  (100) oriented 

substrate than (110) oriented substrate. Therefor w e can expect less density o f  

A PBs in the case o f  (110) oriented Fe304  film s compared to (100) orientated 

film s and this difference in density could be one o f  the reasons for the 

observed strain relaxation in film s grown on M gO (110) substrates and not in 

MgO(lOO), although the strain relaxation observed in 200nm  film  is only  

4.83%  which is very sm all compared to 95% relaxation o f  120 nm Pe304  film  

grown on M gA b 0 4 ,

M agnetization m easurement in the < 110 > easy axis directions shows a 

kink which was prominent in lower thickness film s and vanishes as 

thickness is increased. These observed kinks could be arising due to the 

different coercivity values o f  strained and relaxed volum e fractions with in the 

film . A lso  there is a possibility o f  contributions from stoichiom etrically  

different volum e fractions in low er thickness film s due to the possible 

oxidation w hich is evident from the observation o f  additional Raman Bands in 

the Raman spectrum and a lower out o f  plane lattice constant from HRXRD  

measurements for the 20nm  film . The very high values o f  saturation 

m agnetization in 20 and 30nm film s could be arising from the uncompensated  

m agnetic m om ents in the surface and interface or unquenched orbital m oments 

within the film. Another possibility is the breaking o f  the strong 

antiferromagnetic exchange interaction between the Fê "̂  ions in A  site and B 

site. The exact m echanism  is not known at the moment. M ore detailed  

m agnetic measurements are required to propose a conclusive m odel.

M agnetoresistance curves obtained in the < 1 1 0 >  direction show  

sw itching behaviour w hich is prominent for the film s with lower thickness and 

at low  temperature. Figure 6.24 shows the MR curve superim posed with 

m agnetization loop, both measured at room temperature for a 20 nm film . From 

the figure it is clear that the observed sw itching is associated with the 

difference in the coercivity values o f  strained and relaxed volum e fractions or 

stoichiom etrically different volum e fractions within the film. A s the film  

thickness increases the kinks in the m agnetization curves are found to 

disappear and MR curves also show ed a corresponding decrease in the 

sw itching effect.
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measured along <001> direction superimposed with Magnetization curve obtained at 
room temperature with field directed along <001> hard axis.
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The butterfly shaped m agnetoresistance curves obtained above room  

temperature in the < 0 0 1> direction can be explained on the basis o f  spin orbit 

coupling. Figure 6.25 shows the M R curve observed at room temperature 

superim posed with m agnetization loop measured at room temperature for a 

200nm  film . It is evident from the figure that the resistivity m axim um  is 

occurring near the anisotropy field  ( H a ).

To explain this MR behaviour, w e need to consider contributions o f  

different factors in to the co llective behaviour o f  MR. The conductivity o f  

Fe304  is proportional to the square o f  the transfer integral: a t^. Previous

studies have shown that t, depends on the angle between two spins on 

neighbouring ions [11,12, see chapter 2], which is given by:

t =  t „ c o s Y  (6 .1)

where (p is the angle between the two spins. In the case o f  ferromagnetic 

alignm ent, the two spins are parallel and the transfer integral has its m axim um  

value to. In the case o f  anti-ferromagnetic alignm ent the transfer integral 

becom es zero. This is the case at the A PBs when an anti-ferromagnetic 

coupling is present. Considering two spin chains separated by an 

antiferromagnetic boundary with a field  along a hard m agnetization axis, 

Eerenstein et al, [13] obtained

^HIVI
cos^ (p = --------- —̂  when H  < H a (6.2)

^  4KW^r

H I V l   K
cos^ (p = ------- -̂-----  when H  > H a (6.3)

' ^ A F

where H  is the applied m agnetic field, M s is the saturation 

m agnetisation and WAF=A^AF/Apd^ (where A f is the exchange stiffness 

constant, A a f is the exchange stiffness constant for the antiferromagnetic 

exchange interaction at the boundary and d is the distance between two  

neighbouring spin chains along the boundary). K is the anisotropy constant 

com ing from uniaxial anisotropy energy density term. From Equations 6.2 and 

6.3 it is clear that for a field below  the anisotropy field, H a , the conductivity  

across the antiferromagnetically coupled APB will change quadratically with 

the field and is approximately linear for higher fields. This im plies that the 

decreasing resistivity w ill be having a quadratic dependence to the applied field
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in the low field regime (H < H a) and a sharp linear variation for high field. 

Therefore in the low field regime the resistivity contribution from other factors 

will dom inate the resistivity variation due to the spin polarised transport across 

the antiferrom agnetically coupled APBs. Figure 6.26 shows the M R curve 

observed at 180 K for a 200 nm film with a field and current applied along 

< 0 0 1> hard axis direction. It is clear from  the Figure 6.26 that M R after the 

anisotropy fields (the field at which we observe the resistivity maxima, denoted 

by case (b) and case (d)) varies approxim ately linearly with the field. In figure 

6.26, M R shows saturation behaviour after crossing the anisotropy field at 

room temperature. This could be because of the low spin polarization at room 

tem perature which eventually will affect the scattering mechanism across the 

APBs. The MR contribution o f antiferrom agnetically coupled APBs in the high 

field regime will be discussed later in this section. Before that we will discuss 

the resistivity contributions from other factors which gives a positive M R in the 

low field. The main contributions to the M R are from anisotropic magneto 

resistance (AM R), ordinary magneto resistance OM R and D om ain wall 

resistance.

-H=H ( b )  (d ) +H=H
0.5

0.0

S  -0.5

H=0
+H

1.0 ■0.5 0.0 0.5 1.0
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Figure 6.26 Magnetoresistance curve obtained at 180K for a 200 nm film measured 
along <001> hard axis direction superimposed with schematic model of magnetized 
domains.
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Figure 6.27 Changes in the domain structure during the increase in magnetic field 
along <001> hard axis, (a) with zero field (b) at anisotropy field (c) above anisotropy 
field.

On the (110) oriented Fc304  film surface, the m agnetic hard axis lies 

along < 0 0 1> direction. We can consider different m agnetic dom ains within the

film which are aligned in the easy axis direction (<  110 > ) , when applied field 

is zero. This is shown in the figures 6.26 and 6.27 as case (c) and case (a), 

respectively. W hen the field increases in the hard axis, < 0 0 1> direction the 

dom ains will merge and try to align in the < 111 > medium axis direction, 

which is at an angle 45° with the field and easy axis directions. Therefore at the 

anisotropy field we can consider m ainly two dom ains w ith m agnetisations 

separated by 90°. This is shown in Figure 6.26 and 6.27 as case (b) (or (d)) and 

(b), respectively. A fter crossing the anisotropy field the m agnetisation will 

rotated towards the applied field along < 0 0 1> and will align parallel to the field 

at saturation field. The case at which the m agnetisation is rotated nearly 

parallel to the field is shown as case (a) (or case (e)) and case (c) in Figures 

6.26 and 6.27, respectively. Therefore we can assum e that there will be a 

com ponent o f m agnetisation directed along the < 0 0 1> direction w hich is the 

direction of flow of current and applied field. There will be another com ponent 

directed along the < 110> direction which is perpendicular to the direction of 

current.

The resistivity of a ferrom agnet depends on the angle between the 

m agnetization M and the electric current J. This phenom enon is called 

anisotropic m agnetoresistance (AM R) and is caused by the spin-orbit 

interaction [14-18]. The microscopic origin of electrical transport in 

ferrom agnetic metals was explained on the basis Sm it’s results of 

investigations of magnetoresistance in ferrom agnetic m aterials [15]. The 

starting point o f the analysis was the two current model o f conduction in

197
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transition metals proposed by M ott [19]. The theory was further refined by 

Campbell et al., Jaoul et al.. Potter and M alozem off.[20-23]. Even though this 

theory is developed for metals, still it can be applied in the case of magnetite, 

which is a strongly correlated metal with significant polaronic effects, because 

the basic assum ptions of the theory is band transport and general characteristics 

o f atomic d states which are fulfilled in magnetite.

In the case o f ferromagnetic transition metals like Fe, Co, Ni etc the 

band structure is split into two different sub-bands representing the different 

orientations of the electron spins i.e., electrons with m agnetic moments parallel 

or antiparallel to the total magnetisation. W hen the 3d band is not fully filled, 

scattering o f 4s electrons to the 3d band is probable. The current of 4s electrons 

with small effective mass m* s is predominant com pared to the low mobility 3d 

electrons with large effective mass m*d. In Sm it’s model it was assum ed that, 

due to the magnetic field and spin orbit interaction, there will be an anisotropic 

m ixing of d ( t)  and d ( |)  states. This m ixing depends on the magnetization 

direction, i.e., the direction of the net spin density. Therefore, the 

magnetization direction determ ines the density o f unoccupied d states at the 

Fermi level. This gives rise to a m agnetization-direction dependent s-d 

scattering rate, which dominates the resistance. As a result, the resistivity 

tensor o f a saturated sample is determ ined by the angle a  between the electrical 

current I and the magnetization M. The AMR is defined as :

and transverse resistivity (M  IIJ) , respectively.

The m agnetoresistance of a cubic ferrom agnet can be expanded as a 

series in the direction cosines Oj of the m agnetisation and Pi of the current [18].

Ap _ P i i “ P± (6.4)
P . Il-X  P ave

and Pii and Pj  ̂ denote the longitudinal (M  II J)where p

-5  ̂= R,[aJpJ-ha^p^ + a^p^-l/3]-H2RJa,a2P,p
P

+ aja3pjp3-Ka3a,P3p,]-HR3[s-c]-^RJaJpJ 
-^a'jp^-Ha^p^-h2s/3-l/3]

(6.5)
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Where Ap is the change in resistivity, s = a f o j  + o j o j , Rj’s are

phenomenological constants and c is a numerical constant depending on the 

easy axis direction. If the domains are equally distributed among the easy axes 

then the constant c= l/4  for <110> easy axis and c=0 for <100> easy axis. 

There are conflicting reports on the easy axis direction of magnetite films 

published with <100> easy axes [24, 25] and <110> easy axis [26]. Our 

magnetization measurements show that, above the Verwey temperature on

(110) oriented Fc3 0 4  thin films the easy axis is along < 110>,  which agrees 

with ref [3]. Therefore using Equation 6.5, the MR with current in the direction

of <001> direction and magnetisation along <001> and < 110 > directions can 

be written as

"Ap

P

Ap

2 R , R j ----- ^ + - R ,
3 4 3 '

Therefore AMR can be calculated as 

Ap 2 R , 2 R ,
 5- + ------ A

2

(6 .6 )

(6.7)

(6 .8)

In M ott’s two current model the majority ( |)  and minority ( |)  electrons 

are assumed to constitute two parallel conduction channels and the associated 

currents are assigned with resistivities p | and p |, respectively. If spin-flip 

scattering with resistivity p ( |i )  is taken into account, the total resistivity p is 

given by :

PrPi + Pn^PT + P;)
P = (6.9)

Pr+Pi + 4p̂ ^

If Api and Api denote the resistivity changes of the majority and 

minority channels between the longitudinal and transverse directions, 

respectively then the AMR can be written as

PT'̂ Pi + Pi^Pt+Pn^'^^ + ^Pi) '̂ Pr + ^Pi
P = (6.10)

PTPj.+ PTi(PT+Pj.) PT+Pi + 4 P n

It is generally found that the resistance changes are a function of the 

channel resistivities themselves leading to the general expressions [24]
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Apt =YnPT+YnPi (6.11)

APi ^ Y ^ tP t +  I^U P-i 

The coefficients (y ) were calculated by M alozem off [23] using a sim ple 

atomic state m odel. For majority up spin doublet Cg band and down spin 

minority tag triplet band equation 6.11 becom es

APt = - 4 P t + 4 P i (6.13)

where Acf denotes the crystal field splitting, H*x the exchange field spitting and 

X is a constant proportional to the spin orbit coupling constant. From equation

6.13 the AM R in the two band m odel can be written as

Po
=  Teff(3C-l)

where =
~ y u  + YnX(l +  45) -4YTTXS'  

[1 + 6(1 + X)][1 + X + 4 xS]

Pj, , j- Ptj. X -  and o -  — ^

(6.14)

(6.15)

(6.16)
P t Pi

In the case o f Fe3 0 4  which is a half metal, the Fermi energy is located  

in the m inority t2gi band and a gap is formed in the majority band. Considering  

only the m inority t2ĝ  band and using the Equation 6.12 the AM R can be 

calculated as:

(6 .17)
Ap 3 X

.Po . ii-i > c f .

U sing the value o f  Acf =1.75 eV  , X=0.04 for Fe3 0 4  [27] a value o f AM R = - 

0.04%  was obtained from equation 6.17 by Z iese [18]. He argued that since the 

observed value is too sm all and has the opposite sign to the experim ental value 

(0.5% for current along <100>  direction on a (001) oriented magnetite thin film  

grown on M gO  (001) substrate), the contribution o f  majority Cg* band has to be 

considered and consequently the band structure w ill be similar to Equations

6.14 and 6 .15. The positive AM R m eans pn>pj^. Therefore a positive AM R

contribution can be considered in low  field  m agnetoresistance with p„ 

increasing with the magnetisation com ponent in the direction o f the current and
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Pĵ  reducing. Alltiough the contribution of AMR, which is very small, will be 

visible in the low field, it will be dominated by APB contribution in the high 

field.

The ordinary magnetoresistance (OMR) is due to the Lorentz force, 

which bends the conduction electrons away from the electric field direction, 

increasing the resistivity of a conductor with increasing magnetic field [28]. 

The magnitude of the OMR is proportional to the square of the magnetic 

induction B (B=H+4jiM). The OMR contribution will be high in the beginning 

when the magnetization component in the perpendicular direction to the current 

is more than in the parallel direction and as the magnetisation component in the 

perpendicular direction decreases the OMR contribution also decreases.

Domain walls (DWs) are intriguing objects in ferromagnetic materials 

with electronic properties distinct from that of ferromagnetic domains. DW is 

an interface between uniformly magnetised regions (domains) with different 

magnetisation directions [29]. The length scale over which the magnetisation 

direction changes is determined by material parameters such as the exchange 

and magnetic anisotropy energies [29]. The scattering of spin polarised 

electrons while crossing the domain wall will give a resistivity contribution 

which will reduce with the annihilation of the domains with increasing field. 

Another important factor is reduction of spin polarization due to the DWs. 

Because of the small non-adiabaticity of the spin polarised electrons in 

traversing the wall, there is a possibility of mixing of the up spin and down 

spin channels within the domain walls which will reduce the resistance as the 

domain wall width increases [29]. So the domain wall resistance is expected to 

increase as the wall region is narrowed during the annihilation of the DWs. It is 

clear that, in the low field region during the annihilation of domain walls the 

wall width is expected to reduce and give a positive contribution to the MR.

Therefore it is evident from our discussion in the previous paragraphs 

that at low fields the positive contribution of AMR, OMR and domain wall 

magnetoresistance (DWMR) effects (which dominates the contribution from 

APB scattering) to the resistivity of the sample is prominent and shows a 

positive MR. After crossing the anisotropy fields the magnetization rotates and 

aligns with the field. Thereafter the APB scattering contribution to the MR 

dominates and shows a negative MR. The butterfly shape of the MR curve 

vanishes as the temperature is lowered through the Verwey transition. Figures
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6.28 (a) (b) and (c) shows the m agnetization curves obtained for a 200 nm film  

above, at, and below the Verwey transition tem perature (Ty) with field directed 

along <001> direction. The curves above Tv show a hard axis behaviour and 

below Tv show an easy axis behaviour. So it is evident from our data that near 

Tv, there is a hard axis to easy axis transition taking place in the <0 0 1> 

direction. Figures 6.29 (a), (b) and (c) show the same magnetization curves but 

with the field directed along the < 110 > direction; no transition is observed. 

The switching of the m agnetisation direction in Fe304 during the Verwey 

transition is related to the changes in sign of the anisotropic constants and 

associated structural phase transition from cubic to monoclinic phase [30]. 

There are previous reports on the sign change of anisotropic constant Ki for 

(100) oriented magnetite thin films during the Verwey transition [4,31]. In the 

cubic phase the m agnetocrystalline anisotropy energy is given by

= K „ + K , s + (6.18) 

where s is same param eter used in Equation 6.5 and a\ are the direction cosines 

of the m agnetisation with crystallographic axes. Since R j and R4 are expansion 

coefficients of Ap/p in s (Equation 6.5) and Ki is the expansion coefficient o f 

anisotropy energy in s, we can consider that R j and R4 are proportional to K|  

and cause the sign change of the anisotropic magnetoresistance in the equation 

6 .8, which implies

2R,  R,  2 R ,Ap R3 ^ Ap

. P _X 2 ^ . P .
+ (6.19)

3 4 3

Therefore below the Verwey transition the AM R has a negative sign and will 

cause the resistance to decrease with field. The OM R contribution will be less 

because of the small com ponent of m agnetisation in the direction perpendicular 

to the direction of current of < 0 0 1>. Thus the change from  hard axis to easy 

axis in the <0 0 1> direction clearly explains the observed change in the 

behaviour o f MR curves while passing through Verwey transition. The hard 

axis to easy axis transition along with the Verwey transition could be one o f the 

reasons for the high M R observed in the < 0 0 1> direction com pared to the 

< 110 > direction.

The main factor governing the M R behaviour at high fields is 

antiferrom agnetic coupling of Fe ions across the APBs. In chapter 2 we have
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Figure 6.28 magnetization curves obtained for a 200nm film at (a) T=150K at (b) 
Tv=l 16K and (c) T=90K (Tv Verwey transition temperature) with field directed along 
the < 001> direction.
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Figure 6.29 magnetization curves obtained for a 200nm film at (a) T=150K (b) 
Tv=l 16K and (c) T=90K (Tv Verwey transition temperature) with field directed

along the <  110 > direction.
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show n tha t the p rom inen t an tiferrom agnetic  exchange across A P B s is the 180” 

F e-O -F e strong  an tiferrom agnetic  super exchange. F rom  F igure 6.23 it is c lea r 

tha t A PB s fo rm ed  due to the 1/2<001> type o f  sh ift tow ards < 001>  direction  

g ive a 108° F e-O -F e an tiferrom agnetic  super exchange but not in the < -110>  

d irec tion  due to the 1 /4<111> type o f  shifts. So w e can  expect m ore  strong 

an tiferrom agnetica lly  coup led  A PB s in the < 001>  d irec tion  com pared  to 

the < 110 > direction . T his d iffe rence cou ld  be one o f  the reasons fo r the 

d iffe rence in the M R  along  these tw o d irec tions, and the h igher M R  along  

< 0 0 1> direction . A n o th er fac to r to  look at is the A PB  fo rm ation  due to  strain  

relaxation . In ch ap te r 4  it w as dem onstra ted  that A PB s can  be fo rm ed  due to 

the m isfit d isloca tions p roduced  by strain  relaxation  in F e304  film s g row n on 

M gA l204  substra tes. T he sam e m odel can  be app lied  fo r F e304  (110) film s 

grow n on M gO  (110) substra tes also , since the film s show  a partial strain  

relaxation . F igure 6 .30  show s the possib le A PB  fo rm ation  due to  m isfit 

d islocations. F igure 6 .30  (a) show s the fo rm ation  o f  a m isfit d isloca tion  due to 

a  m issing  row  o f  oxygen  atom s so that the strain  is released  in < 1 1 0 >  

d irection . It is c lear that no A PB  is fo rm ed  across the d isloca tion  line.

It is c lea r from  F igure  6 .30(b) that the A PB is fo rm ed  across the 

d isloca tion  line. T herefo re  from  th is analysis w e can  show  that density  o f 

A PB s fo rm ed  due to  the m isfit d isloca tion  w ill be m ore in the d irec tion  < 0 0 1>

than the <  110 >  . A lso  it is c lea r from  the analysis tha t there ex ists 180° Fe-O - 

F e an tiferrom agnetic  superexchange across these A PB s fo rm ed  along  < 0 0 1> 

d irection . T he presence o f  these high density  o f  an tiferrom agnetica lly  coupled  

A PB s cou ld  be the reason fo r low er value o f  M* obtained  fo r 200nm  film . 

A no ther im portan t aspec t to look at is the effect o f  strain  in the spin 

po larisation . In F e j0 4 , the h igh  conductiv ity  resu lts only from  the partially  

filled m inority -sp in  Fe (B -site) 3d band . T his band is dom ina ted  by th ree off- 

axial 3d-t2g orbitals, w hich  is consis ten t w ith  the geom etry  o f  the spinel 

structure that the conducting  B -site strings are along  the six o ff-ax ia l < 110>  

d irections. F or the m ajority  spin, the Fe (B -site) 3d-eg band , w hich  is 

characterized  by in sign ifican t overlaps betw een  axial Cg orb ita ls o f  the nearest 

Fe (B -site) neighbors, is 0 .14  eV  below  the Ferm i level w ith  re la tive ly  narrow  

bandw idth . T his resu lts in an insu lating  m ajo rity  spin w ith  a band  gap o f  0 .54  

eV  at the F erm i level, being  the sam e o rder o f  m agn itude as that o f  m any 

sem iconductors.
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F igure 6.30 (a) Formation of a misfit dislocation due to a missing row of oxygen so

that strain is released in <  110 > direction. There is no APB formation, (b) formation
of misfit dislocation due to a missing row o f oxygen so that strain is released in the 
< 001> direction, and leading to the formation of APB.
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Jeng et al [32] have calculated the electronic structure and 

m agnetocrystalline anisotropy energies o f  Fe304  under both com pressive and 

extensive strains along < 0 0 1> direction from first principles by using the linear 

muffin-tin orbital (LM TO) method. It is found that uniaxial strain has 

significant effects on both the electronic structure and m agnetocrystalline 

anisotropy o f  magnetite. Compared to the unstrained state, the m ost visible 

change in the strained state is in the majority-spin Fe (B -site) 3d-6g band near 

the Fermi level and the m inority-spin Fe (B -site) 3d-6g band between 1 and 2.5  

eV . For the majority spin, the width o f  the Fe (B -site) 3d-Cg band becom es  

larger under both strains (com pressive as w ell as extensive) and the band top 

exceeds the Fermi level and alm ost touches the low er edge o f  the upper A -site  

3d-Cg band. For the minority spin, all band edges already overlap and form a 

large conduction band for both the strains. In particular, as the strain is applied, 

the insulating band gap o f  the majority spin is reduced due to the broadening o f  

the B -site Fe 3d band and the half-m etallic behaviour o f  the cubic magnetite 

eventually turns into normal metal behaviour in the high-strain states or, in 

other words, the spin polarization is affected by the strain. There are several 

recent calculations on the surface electronic structure o f  the Fe304  [33, 34, 35] 

and Fe304  ( l l l ) / M g O  (111)  interface [36], indicating the m odification o f  

surface electronic band structure due to the various surface reconstructions. 

The density functional theory (DFT) calculation by Fonin et al. [33] show s that 

Jahn-Teller distortion o f  the surface atoms o f Fe304  (100) surface is opening a 

band gap in the majority spin channel between - 0 .4  eV  and -0 .1  eV . This 

depletion o f states in the majority spin channel is accom panied by occupation  

o f states in the minority spin channel, which is referred as spin flip, resulting in 

a substantial reduction o f  the m agnetic m om ents o f  the surface Fe(B ) atoms. 

Therefore the calculation gives the evidence for a half-m etal to metal transition

at the Fe304  (100) surface. The electronic states in the majority spin-channel
2  ^responsible for the reduction o f  spin polarization are dominated by dx - y  

states o f  surface Fe (B). Similar results are obtained using ab  in itio  

calculations, which indicates the substantial reduction in the m agnetic m oment 

and half metal to metal transition at the Fe304  (100) [34] and Fe304  (111)  [35] 

surface due to the surface atomic relaxations. The DFT calculation o f  the 

electronic structure predict strong bonding across the polar oxide interface o f
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F e304  (11 l) /M g O  (1 1 1 ), w ith  m eta llic  states present in the band gap o f  the O 

in terface layers [36],

In (1 1 0 ) oriented  F e304  thin film s the am ount o f  strain w ill be d ifferent

alon g tw o  crysta llograph yca lly  d ifferent d irections such as < 0 0 1 >  and <  110 > 

directions. M oreover  in our ca se  the f ilm s are partially  strain relaxed. 200nm  

and 9 0  nm  film s sh ow  12% and 18% m ore relaxation  a lon g  < 0 0 1> direction  

com pared to < 1 1 0 >  d irection . A s per the ab ove d iscu ssion , the anisotropic  

strain in these d irections should  be a ffectin g  the ex ten t o f  spin polarisation . A  

higher degree o f  spin polarization  a lon g  w ith h igh  den sity  o f  

antiferrom agnetica lly  cou p led  A P B  form ation  a lon g  < 0 0 1> d irection  com pared  

to <  110 >  d irection , cou ld  lead to the ob served  M R  anisotropy and enhanced  

M R  along  < 001 >  direction .

6.4 Conclusion
A  deta iled  study o f  strain relaxation  behaviour and crystallographic d irection  

dep endence o f  M R  in (partially strain relaxed) F e304  (110)  film s having  

different th ick n ess grow n on M gO  (110)  substrates has been carried out. The  

high reso lu tion  X R D  m easurem ents and R am an m easurem ents sh ow  that the 

film s are partially strain relaxed. T he relaxation  found  increases w ith  

in creasing th ickness. T he am ount o f  relaxation  is found  to be 12% and 18%

higher in the < 0 0 1 >  direction  com pared  to < 1 1 0 >  d irection  for the 2 0 0  nm  

and 90  nm  film s and sh o w ed  30%  le ss  relaxation  a lon g  < 0 0 1> direction  

com pared to <  110 >  d irection  for the 60n m  film . P e304  ( 110)  film s grow n on  

M gO  ( 110)  substrates can form  A P B s. Our an a ly s is sh o w s that there is 40%  

higher probability  in the form ation  o f  A P B s in (1 0 0 ) oriented  P e304  film s  

grow n on M gO  (1 0 0 ) com pared  to ( 110)  oriented  film s grow n on M gO  ( 110)  

substrates. T his lo w  probability  o f  form ation  o f  A P B s cou ld  be on e o f  the 

reasons for the observation  o f  partial strain relaxation  in ( 110)  oriented  film s. 

T he room  tem perature m agnetization  a lon g  the <  110 >  ea sy  a x is  direction  

sh ow s kinks w h ich  are prom inent for f ilm s w ith  low er th ickn ess and 

d im in ish es as the th ickn ess is  increased . T h is is attributed to the d ifferent 

co erc iv ity  arising from  strained and partially relaxed  vo lu m e fractions. There 

is a p oss ib ility  o f  a contribution  from  sto ich iom etr ica lly  d ifferent vo lu m e
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from the observation o f  additional Raman Bands in the Raman spectrum and 

low er out o f  plane lattice constant measured from HRXRD m easurements for 

the 20nm  film.

M agnetoresistance m easurements show  different behaviour in < 0 0 1> 

and < 1 1 0 >  directions. The MR along < 001>  directions show s a butterfly 

shaped curve above the V erwey temperature and changes shape through the 

V erwey transition. The observation o f  butterfly shaped curves are attributed to 

the AM R, OM R and DW M R effects which dominate the M R contribution o f  

A PB s at low  fields. At high fields the contribution o f  A PBs to M R dominates 

and resistance decreases with increasing field. The low  temperature 

m agnetization measurements show  that there exists a hard axis to easy axis 

transition in the < 001>  direction, whereas in the < 1 1 0 >  direction it is not 

observed. The 200 nm film  showed 9.5% M R at Verwey transition (Tv =116  

K). This value o f  MR% is found to be 5.5% higher than the MR% measured 

along t h e < 1 1 0 >  direction and to M R values reported for Fe304  film s with 

various orientations and thicknesses at 1 Tesla field, apart from the film s 

deposited on vicinal M gO substrates.

The formation o f  A PBs during the growth due to the symmetry 

difference is analysed. The analysis shows that the A PBs formed in the < 0 0 1> 

direction forms 180“ Fe-O -Fe antiferrom agnetic superexchange but not in the 

< 1 1 0 >  direction. This could g ive a higher density o f  antiferrom agnetically  

coupled A PB s in the < 0 0 1> direction than in the <110 > direction and could be 

one o f  the reasons for the high M R along the < 0 0 1> direction. Possibilities o f  

formation o f  A PBs with m isfit d islocations are explored. The analysis shows 

that the m isfit dislocations in the < 0 0 1> direction wil l  lead to the formation of 

A PBs w hile m isfit dislocations along < 1 1 0 >  wil l  not. This eventually will 

increase the APB density along < 0 0 1> direction com pared to the < 110 >  

direction. The spin polarized electron transport across the antiferromagnetically  

coupled A PB s form ed along < 0 0 1> direction, could be one o f  the reasons for 

the observation o f  higher M R values. Another possible explanation for MR  

anisotropy is the strain induced m odification o f  band structure o f  Fe304  film s. 

Jeng et al [32] have calculated the electronic structure and m agnetocrystalline 

anisotropy energies o f  Fe304  under both com pressive and extensive strains



210

a lon g  < 0 0 1> d irection  from  first p rincip les by usin g  the linear m uffm -tin  

orbital (L M T O ) m ethod  and it w as found  that, as the strain is applied , the 

insulating band gap  o f  the m ajority spin  is reduced due to the broadening o f  the 

B -site  Fe 3d band and the h a lf-m eta llic  behaviour o f  the cu b ic  m agnetite  

even tu a lly  turns into norm al m etal behaviour in the h igh-strain  states or, in  

other w ords, the spin  polarization  is reduced  by the strain. (1 1 0 ) oriented  F e 3 0 4  

film s grow n on  M gO  ( 110)  substrates sh o w  partial strain relaxation  and the 

percentage relaxation  is found  be h igher in < 0 0 1> d irection  com pared to  

<  110 >  d irection  in 200n m  and 9 0  nm  film s. A  d ifferen ce  in spin polarization  

due to an isotrop ic strain a lon g  w ith  h igh  d ensity  o f  antiferrom agn etica lly  

cou p led  A PB  form ation  due to strain relaxation  induced  m isfit d is loca tion s  

cou ld  be another reason for the en h an cem en t o f  M R  ob served  in the < 0 0 1> 

direction  com pared  to < 1 1 0 >  d irection . F ilm s w ith  low er th ick n ess sh ow ed  

sw itch in g  behaviour in the M R  cu rves m easured a lon g  the <  110 >  d irection , 

w h ich  d im in ish ed  w ith  increasing th ick n ess. T his is related to the d ifferent 

coerciv ity  va lu es w ith in  the film , w h ich  w ere reflected  in the m agn etization  

curves as kinks.



211

Bibliography
[1] H. Matsuda, S. Okamura,T. Shiosaki, H. Adachi and H. Sakakima, J. Appl. 

Phys,98, 063903(2005).

[2] H. Matsuda, M. Takeuchi, H.Adachi, M. Hiramato, N.Matsukawa, A. 

Odagawa, K. Setsune and H. Sakakima.Jpn. J. Appl. Phys. 41 L387(2002)

[3]H. Matsuda, H. Sakakima, H. Adachi, A. Odagawa and K. Setsune, J.

Mater. Res., 17,1985(2002).

[4] D. T. Margulies, F. T. Parker, F. E. Spada, R. S. Goldman, J. Li, R.

Sinclair, and A. E. Berkowitz, Phys. Rev. 53, 9175 (1996).

[5] S. P. Sena, R .A LindleyH. J Blythe, Sauer Ch, M. A1 -K afaiji and G. A. 

Gehring, J Magn. Magn. Mater. 176, 111(1997). 97, 10D315 (2005)

[6] R.G.S Sofin, S K Arora and I.V Shvets J. Appl. Phys

[7] S K Arora, R.G.S Sofm and I.V Shvets Phys. Rev. B, 72, 134404 (2005).

[8] D.T. Margulies, F.T. Parker, M.L. Rudee, F.E. Speda, J.N. Chapman,

P.R. Aitchison and A.E. Berkowitz. Phys. Rev.Lett.79,5162 (1997).

[9] F.C Voogt, T.T.M. Palstra, L. Niesen, O.C. Rogojanu, M.A. James and T.

Hibma, Phys. Rev. B. 57, 08107 (1998).

[10] T. Hibma, F.C. Voogt, L.Niesen, P.A.A. van der Heijden, W.J.M. de 

Jonge, J.J.T.M. Donkers, P.J. vab der Zaag, J. Appl. Phys, 85, 5291 

(1999).

[11] P.W. Anderson and H. Hasegawa, Phys. Rev. 100, 675 (1955).

[12] K. Kubo and N. Ohata, J. Phys. See. Japan 33, 21 (1972).

[13] W. Eerenstein, T.T.M. Palstra, S.S. Saxena and T. Hibma Phys. Rev. Lett. 

88, 247204(2002).

[14] T. R. McGuire and R. I. Potter, IEEE Trans. Magn. MAG-11,

618 (1973).

[15] J. Smit, Physica (Amsterdam) 16, 612 (1951)

[16] R. I. Potter, Phys. Rev. B 10, 4626 (1974).

[17] R. P. van Gorkom, J. Caro, T. M. Klapwijk, and S. Radelaar, Phys. Rev.

B 63 134432 (2001).

[18] M.Ziese, Phys. Rev. B 62, 1044 (2000).

[19] N. F. Mott. Proc. Royal Soc. London 153A, 699 (1936).

[20 I.A Canobell, A. Fert, and O. Jaoul, J. Phys. C 3, S 95 (1971)]

[21] O. Jaoul, I.A.Campbell and A. Fert, J. Magn. Magn. Mater. 5, 23 (1977).



212

[22] R.I. Potter, Phys. Rev. B 10 4626 (1974).

[23] A.P. Malozemoff, Phys. Rev. B. 34, 1853 (1986).

[24] Y. Suzuki, H.Y. Hwang, S-W. Cheong, and R.B van Dover Appl. Phys. 

Lett.71 140(1997)

[25] J O ’Donnell, M. Onellion, M.S. Rzchowski, J.N. Eckstein and I Bosovic, 

Appl.Phys Lett. 72,1775(1998).

[26] K Steenbeck and R Hiergeist Appl.Phys Lett.75,1778(1999)

[27] S.F Alvarado, M. Erbudak and P. Munz, Phys. Rev. B 14,2740 (1976).

[28] J. P. Jan, Solid State Phys. 5, 1 (1957).

[29] A.D Kent, J. Yu, U. Rudiger and S.S.P. Parkin, J. Phys: Condens. Matter, 

13 R461 (2001).

[30] B. A. Calhoun, Phys. Rev. 94(6), 1577 (1954).

[31] M. Ziese and H.J Blythe, J. Phys: Condens. Matter, 12 13 (2000).

[32] Homg-Tay Jeng and G. Y. Guo, Phys. Rev. B 65, 094429 (2002).

[33] M. Fonin, R. Pentcheva, Yu. S. Dedkov, M. Sperlich, D. V. Vyalikh,

M. Scheffler, U. Riidiger and G. Giintherodt. Phys. Rev. 72,104436 

(2005)

[34] C. Cheng, Phys. Rev. 71, 52401 (2005)

[35] L. Zhu, K. L. Yao and Z. L. L iu , Phys. Rev. 74, 35409 (2006)

[36] V. K. Lazarov, M. Weinert, S. A. Chambers, and M. Gajdardziska- 

Josifovska, Phys. Rev. 72, 195401 (2005)



One thing 1 have learned in a long life: that all our science, 
measured against reality, is primitive and childlike -a n d  yet it is the 
most precious thing we have

Einstein 1951



Chapter 7

Conclusions

Magnetite, Fe304 is a common and stable half metallic oxide. Due to its 

relatively high Curie Temperature (Tc) and its electronic properties, Fe304, 

represents one of the promising materials for spin electronic devices. Most of 

these applications will employ this material in the form of thin films. To realise 

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 Fe304 films. MgO is an ideal 

substrate for epitaxy of magnetite (Pe304) because the difference in oxygen 

sub-lattice size of MgO and Fe304 gives a small lattice mismatch of 0 .33%. 

There are two distinct forms of symmetry breaking in Fe304/Mg0 hetero­

epitaxy. The first one is due to the fact that the lattice parameter of MgO is half 

that of Fe304 leading to disruption of translation symmetry. The other one is

due to the reason that Fe304 (Fd3 m) crystal structure is lower in symmetry 

than MgO ( Fm3 m ). As a result, MgO rotated by 90“ about an axis 

perpendicular to the interface falls in itself but Fe304 does not. This leads to the 

formation of antiphase boundaries, APBs. The details of the formation of 

APBs are discussed in chapter 2 .

During epitaxial growth, the unit cell of a thin film can distort due to 

elongation or compression of in-plane lattice constants in the orthogonal 

directions depending on the sign of the lattice mismatch. When such occurs the 

epitaxial system is said to be in a ‘strained state’. Theoretical models predict 

that epitaxial systems with smaller mismatch will remain in a strained state
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until a critical film thickness (tc) is reached and thereafter it will undergo 

relaxation by generating misfit dislocations. It has been previously reported 

that Fe304 films grown on M gO ( 100) show sluggish strain relaxation 

behaviour, relaxing partially well above the critical thickness of strain 

relaxation. Even for a thickness o f 6.6  |xm the relaxation was partial. However, 

no effort was made to understand the origin o f this behaviour. MgAl204 has the 

normal spinel structure and the lattice constant is 0.80831 nm. For the 

Fe304/MgAl204 system the lattice mismatch is much greater (3 .9%) and films 

are found to be relaxed in agreem ent with the theoretical models. Since 

MgAl204 has the same spinel type crystal structure and symmetry as Fe304, the 

form ation o f APBs is not expected for films grown on MgAl204. However, the 

presence of the APBs in the Fe304/MgAl204 system  has been reported 

previously. The differences in crystal structure and symmetry of the MgO and 

MgAl204 substrates with Fe304 prom pted us to look at the strain relaxation 

behaviour of Fe304 films grown on the substrates which will essentially 

provide inform ation about the role of crystal structure symmetry difference on 

the strain relaxation behaviour. This inform ation will be very useful in the 

design o f future spin electronic devices and nano-structures based on 

magnetite.

In chapter 4 we presented the details of our investigations on 

anomalous strain relaxation behaviour o f ( 100) oriented Fe304 films grown on 

MgO ( 100) and non-anom alous strain relaxation behaviour of ( 100) oriented 

Fe304 fdm s grown on MgAl204 ( 100) substrates. From the strain relaxation 

studies o f epitaxial Fe304 thin films grown on MgO(lOO) and MgAl204 

substrates we infer that the films grown on M gO ( 100) substrate rem ain fully 

coherent up to much greater thickness than predicted by the Fischer, Kuhne 

and Richter (FKR) model ( -7 0  nm), whereas the film s grown on M gA h04 

substrates shows a behaviour consistent with the model predictions. The 

observed strain relaxation behaviour is attributed to the differences in the 

crystal structure symmetry between M gO and Fe304. Due to the lower crystal 

symmetry o f the spinel structure of Fe304 com pared to that o f M gO, APBs are 

formed and lead to the form ation o f areas within the film that have opposite 

sign of stress. The stress com pensation by the APBs reduces the effective stress 

experienced by the films. The reduction in effective stress experienced by the 

film depends strongly on the nature and density o f the APBs. Even though
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APBs are not expected in Fe304 films grown on MgAl204, TEM studies 

revealed the presence of APBs. We suggest that these APBs are formed not 

because of symmetry difference but because of the stacking faults generated by 

strain relaxation due to large mismatch between the thin film and substrate.

The presence of antiphase boundaries (APBs) in epitaxial Fc304 films 

introduces local structural modifications and alters the magnetic interactions at 

the boundary, making them predominantly antiferromagnetic. This strongly 

affects the magnetic and electronic properties of the epitaxial Fc304 films. The 

magnetoresistance (MR) behaviour of magnetite thin films has been widely 

studied before in films on different substrates like MgO and MgAl204. 

Compared to bulk magnetite, epitaxial Pe304 films show a greater MR which is 

difficult to saturate even in strong magnetic fields. So far, the magnitude of 

MR observed in epitaxial films has not exceeded 8% for a magnetic field 

strength of 2 Tesla. The unusual MR behaviour of Fe304 films is attributed to 

the spin-polarized transport across the antiferromagnetically coupled APBs. 

This model predicts a large MR effect across a single boundary. However, due 

to the random network of APBs obtained in Fe304/Mg0 hetero-epitaxy, this 

effect is greatly smeared and it is not possible to obtain any quantitative 

information.

In chapter 5 we present the details of a new approach which allows for 

a selective extraction of the contribution of the antiphase boundaries from the 

total MR. In our study the MgO substrate has a miscut with respect to a low- 

index plane ( 100). If annealed under suitable condition, the presence of miscut 

facilitates the formation of surfaces with atomic height steps. In this case the 

islands of Fe304 forming at different atomic terraces nucleate independently 

from each other. Consequently, as the nucleation islands grow there is a 

significant chance that antiphase boundaries are formed along the step edges of 

the atomic terraces. Our results showed a strong anisotropy in the MR in close 

correlation with the direction of current and step-edges in epitaxial Fe304 films 

grown on vicinal MgO ( 100) substrates. Magnetization measurements clearly 

demonstrate the formation of a greater number of antiferromagnetically 

coupled antiphase boundaries due to the presence of step edges present in a 

vicinal substrate. We describe two mechanisms for the observed difference in 

MR along two equivalent crystallographic directions on the surface. The first 

one is based on spin dependent electron scattering along the APBs. The second
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m echanism  suggests a difference in the reduction o f m agnetisation values 

along and across the APBs resulting from the difference in m agnetoelastic 

properties. M agnetoresistance properties o f  epitaxial Fe304  film s on vicinal 

M gO substrate show a direct dependence on the substrate annealing duration. 

The increased annealing time (5-9 hours) significantly m odifies the surface 

m orphology M gO substrate and intum  provides a better template for the 

formation o f  A PBs in the deposited Fe304  thin film s. Further increase in 

annealing time (13 hours) leads to a slight decrease in M R which could be due 

to impurity segregation on the surface.

In chapter 6 w e presented a detailed study o f  the strain relaxation  

behaviour and crystallographic direction dependence o f  MR in Fe304  (110) 

film s having different thickness grown on M gO (110) substrates. The high  

resolution XRD measurements and Raman m easurements show that the film s  

are strain relaxed. The relaxation is found to increase with increasing thickness. 

Fe304  (110) film s grown on M gO (110) substrates can form APBs. The 

adjacent m onolayers can be related by three shift vectors which are V3/2 

< i l l > o r  V 3/2<ili>  shift vectors in the <110> direction and by 1/2<001> 

shift vectors in the <001> direction, whereas on a M gO (100) surface there can 

be 7 possible shift vectors which eventually form APBs. Therefore there is a 

40% higher probability o f  the formation o f  A PBs in (100) oriented Pe304  film s 

grown on M gO (100) compared to (110) oriented film s grown on M gO (110) 

substrates. This low  probability o f  formation o f  A PBs could be one o f  the 

reasons for the observation o f  relaxation in (110) oriented films.

M agnetoresistance measurements show  different behaviour in < 0 0 1>

and < 1 1 0 >  directions. The MR along < 001>  directions show s a butterfly 

shaped curve above the V erwey temperature and changes shape thorough the 

V erwey transition. The observation o f  butterfly shaped curves are attributed to 

the AM R, OM R and DW M R effects w hich dom inates the MR contribution o f  

A PBs at low  fields. At high fields the contribution o f  A PBs to MR dominates 

and resistance decreases with increasing field. The low  temperature 

m agnetization measurements show that there exists a hard axis to easy axis

transition in the <001>  direction whereas in the < 1 1 0 >  direction it is not 

observed. The 200nm  film  showed 9.5%  M R at V erwey transition (Tv =116  

K). This value o f  MR is found to be 5.5% higher compared to the M R
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measured along < 110> direction and to MR values reported for Fe304  film s 

with various orientations and thicknesses at 1 Tesla field  apart from the film s 

deposited on vicinal M gO substrates.

The possibilities o f  form ation o f  A PBs with m isfit dislocations were 

explored. The analysis shows that the m isfit dislocations in the < 0 0 1> direction  

w ill lead to the formation o f  A PBs w hile m isfit dislocations along the <-110>  

w ill not. This eventually w ill increase the APB density along < 0 0 1> direction

compared to < 1 1 0 >  direction. The reduced M s along the < 001>  direction  

compared to < 110 > is direct evidence for the formation o f  a higher density o f  

APBs along the < 0 0 1> direction. The spin polarized electron transport across 

the antiferromagnetically coupled A PB s formed along the < 0 0 1> direction  

could be one o f  the reasons for the observation o f  higher MR values. Another 

possible explanation for MR anisotropy is the strain induced m odification o f  

band structure o f  Fe304  film s. R ecently reported band structure calculations 

show that, as the strain is applied, the insulating band gap o f  the majority spin 

is reduced due to the broadening o f  the B-site Fe 3d band and the half-m etallic 

behaviour o f  the cubic m agnetite eventually turns into normal metal behaviour 

in the high-strain states or, in other words, the spin polarization is reduced by 

the strain. (110)  oriented Fe304  film s grown on M gO (110) substrates show  

partial strain relaxation and the percentage relaxation is found be higher in the 

<001>  direction compared to the < 110 > direction in 200nm  and 90 nm film s. 

A  difference in spin polarization due to anisotropic strain along with high 

density o f  antiferrom agnetically coupled APB formation due to strain 

relaxation induced m isfit d islocations could be another reason for the 

enhancem ent o f  M R observed in the < 0 0 1> direction compared to the<  110 > 

direction. Film s with low er thickness show ed switching behaviour in the MR

curves measured along the < 110 > direction, which is found to dim inish with 

increasing thickness. This is related to the different coercivity values within the 

film  w hich was reflected in the m agnetization curves as kinks.
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Future work

Our investigations dem onstrate that Fc304 films deposited on vicinal 

MgO ( 100) substrates show an enhancem ent and anisotropy of 

m agnetoresistance (MR). The increase in the low field M R due to the step 

induced spin scattering in Fe304 films is an important result to realize future 

spin-electronics applications of m agnetic nano-stnictures. Antiphase 

boundaries are expected to form in various other spinel materials as well as 

numerous non-spinel films provided the substrate for the epitaxial film growth 

is chosen correctly. Therefore, we suggest that the observed increase in 

m agnetoresistance is not necessarily limited to magnetite films only. It is likely 

that m agnetoresistance of some other epitaxial films could be enhanced in the 

same way if  the films are grown on vicinal substrates and the pattern o f 

antiphase boundaries with preferential orientation is formed. Our study 

suggests that as the angle of miscut o f the vicinal substrate is increased the 

density of APBs increases. In our study we were not able to optimise the 

growth of stoichiom etric magnetite on vicinal M gO substrates with high m iscut 

angles (>5'’). The films d idn’t show the Verwey transition and structural 

charecterisation with high resolution XRD showed a higher Fe to O ratio than 

that of Fea04. It is a very im portant aspect to study the growth process o f 

magnetite or other oxides on high vicinal substrates and its implications on the 

physical properties of the thin films deposited.

Though Fe304 films deposited on vicinal substrates show a clear 

enhancem ent and anisotropy in MR at low temperature, the room temperature 

MR is less than 2%. To explore these results in an application point of view, a 

different approach has to be considered. One of the different possible 

approaches to construct a m agneto-resistive medium  is by depositing a 

ferromagnetic or a ferrim agnetic layer A on a non-m agnetic vicinal substrate S 

and further deposition of a partially closed or fractional layer B of a non 

magnetic m aterial above A, as shown in Figure 7 .1. The first m agnetic layer A 

is deposited in such a way that the top surface o f the layer retains the step 

structure and will form a vicinal surface for the growth o f the fractional non­

magnetic layer B (spacer layer) which covers only a part o f the magnetic layer 

and will form  a nanowire aligned along the step edges. Then a further
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an tiferrom agnetic  layer C  is d eposited  above the spacer nanow ire  B and 

uncovered  m agnetic  layer A. In this w ay  the m agnetic layer A  can  b e  d iv ided 

in to  tw o portions A1 and  A2. H ere layer A 2 is exchange coup led  to 

an tiferrom agnetic  layer C  un like  A1 w hich  is separated  from  layer C by a 

spacer layer B. T herefore, m agnetiza tion  o f  the layer A 2 is p inned  un like  the 

m agnetiza tion  o f  the layer A l .  This w ill lead to  a situation  w here the spin 

p o larized  cu rren t th rough  the layer A l  and  A 2 w ill find  m ore sp in  scattering  

cen ters at the in terfaces o f  A l and A 2 (w hen  the spins in bo th  sections are 

an tiferrom agnetica lly  aligned) p rov id ing  a h igh  resis tance path. B y align ing  the 

spins in A l and A 2 w ith  an ex ternal m agnetic  field  the resis tan ce  can  be 

d rastica lly  reduced  w hich essen tia lly  g ives rise  to a h igher M R . T he m aterials 

and grow th  param eters will need to  be op tim ized  to  get the desired  effect.

A1A1 A2 S A2 A2 A1A1

Figure 7.1. Cross sectional view of the proposed magneto-resistive medium.

O ur stud ies on  (110) o rien ted  F e304  film s grow n on M gO  (110) 

show ed a very  high m agneto resistance a t V erw ey tem peratu re  in < 001>  

direc tion  com pared  to  < -110>  direction . T his observed  m agneto res istance  is
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higher than any other reported values o f M R for Fe304 films at IT  field except 

for the films grown on vicinal substrate. The higher MR is attributed to the 

spin polarized electronic transport across the antiferrom agnetically coupled 

APBs w hich are generated by misfit dislocation due to strain relaxation. The 

reduction in spin polarization due to the strain driven band structure 

m odifications is another reason for the MR anisotropy. It should be feasible to 

study the m agneto transport properties of Fc304 films grown on ( I I 0 ) oriented 

vicinal M gO substrates that will increase the APB density and hence the MR 

value. A detailed structural characterisation can be done using the high 

resolution TEM  which will give more insight to the form ation of APBs and the 

anisotropic APB density.

Previous band structure calculations of Fc304 ignored the presence of 

defects, especially the oxygen vacancies [I, 2 , 3]. Physical properties of 

m agnetite can be greatly affected by the change in stoichiometry or by the 

presence o f crystal defects. Creation of one oxygen vacancy at the B site can 

create one Fê "̂  ion. This should affect the properties like electrical conduction 

in magnetite. It is worth pursuing a system atic study on the effect o f defects 

and off stoichiom etry in magnetite thin films as well as bulk samples.
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A scientist is a mimosa when he himself has made a mistake and a 
roaring lion when he discovers a mistake o f others

Einstein


