
Abstract 
 

PUNUGUPATI, SANDHYARANI. Fabrication and Properties of Cr2O3 and La0.7Sr0.3MnO3 

Thin Film Heterostructures Integrated on Si(001). (Under the guidance of Prof. Jagdish 

Narayan and Prof. Frank Hunte.) 

 

Spintronics that utilizes both the spin and charge degrees of freedom of an electron is 

emerged as an alternate memory technology to conventional CMOS electronics. Many 

proposed spintronic devices require multifunctional properties in a single material. The 

oxides Cr2O3 and La0.7Sr0.3MnO3 are such materials which exhibit unique physical properties 

at room temperature. The Cr2O3 is an antiferromagnetic and magnetoelectric material below 

its Néel temperature 307K. The La0.7Sr0.3MnO3 is a ferromagnetic half metal with a Curie 

temperature of 360K and exhibits colossal magnetoresistance. However, the reach of this 

spintronic technology into more device applications is possible only when these materials in 

epitaxial thin film form are integrated with Si(001) which is the mainstay substrate in 

semiconductor industry.  

The primary objective of this dissertation was to integrate epitaxial Cr2O3, La0.7Sr0.3MnO3 

and Cr2O3/La0.7Sr0.3MnO3 thin film heterostructure on Si(001) and, study their physical 

properties to investigate structure-processing-property relationship in these heterostructures.  

The epitaxial integration of Cr2O3 thin films on Si(001) was done using epitaxial cubic yttria 

stabilized zirconia (c-YSZ) buffer layer by pulsed laser deposition. Detailed structural 

characterizations XRD (2Ɵ and Φ) and TEM confirm the epitaxial nature of the films. 

Though bulk Cr2O3 is antiferromagnetic along the c-axis, the in-plane magnetization 

measurements on Cr2O3(0001) thin films showed ferromagnetic behavior up to 400K. The 



thickness dependent magnetization together with oxygen annealing results suggested that the 

in-plane ferromagnetism in Cr2O3 was due to the oxygen related defects whose concentration 

is controlled by strain in the films. The out-of-plane magnetic measurements on Cr2O3(0001) 

films showed magnetic behavior indicative of antiferromagnetic nature.  

To verify whether ferromagnetism can be induced by strain in Cr2O3 thin films with 

orientation other than (0001), epitaxial thin films were prepared on r-Al2O3 substrate and 

their magnetic properties were studied. The XRD (2Ɵ and Φ) and TEM confirm that the 

films were grown epitaxially. The epitaxial relations were given as: [011̅2]Cr2O3 ‖ 

[011̅2]Al2O3 and [1̅1̅20]Cr2O3 ‖ [1̅1̅20]Al2O3. The as-deposited films showed ferromagnetic 

behavior up to 400K but it almost vanished with oxygen annealing. The Raman spectroscopy 

data together with strain measurements using XRD indicated that ferromagnetism in r-Cr2O3 

thin films was due to the strain caused by defects such as oxygen vacancies.  

Bi-epitaxial La0.7Sr0.3MnO3(110) thin films were integrated on Si(100) with c-

YSZ/SrTiO3(STO) buffer layers by pulsed laser deposition. The La0.7Sr0.3MnO3 and STO 

thin films had a single [110] out-of-plane orientation but with two in-plane domain variants 

as confirmed from XRD and TEM study. The growth of STO on c-YSZ was explained by the 

domain matching epitaxy paradigm. The epitaxial relationship between STO and c-YSZ were 

written as [110](001)c-YSZ ‖ [1̅11̅](110)STO (or) [110](001)c-YSZ ‖ [1̅12̅](110)STO. The 

La0.7Sr0.3MnO3 thin films were ferromagnetic with Curie temperature 324K. They also 

exhibited hysteresis in magnetoresistance under both in-plane and out-of-plane magnetic 

fields.  The highest magnetoresistance in this study was -32% at 50K and 50 kOe for in-plane 

configuration.  



Lastly, the epitaxial La0.7Sr0.3MnO3-δ(LSMO)/Cr2O3 bilayer structure was integrated with 

Si(001) using c-YSZ by pulsed laser deposition. The XRD (2Ɵ and Φ) and TEM 

characterizations confirm that the films were grown epitaxially. The epitaxial relations were 

written as [0001]Cr2O3 ‖ [111]LSMO and [112̅0]Cr2O3 ‖ [101̅]LSMO. Interestingly, when 

the LSMO thickness was increased from 66 to 528 nm (Cr2O3=55nm), the magnetization 

increased by 2-fold and the magnetic nature changed from ferromagnetic to super 

paramagnetic. In addition, LSMO/Cr2O3 showed in-plane exchange bias. We believe that the 

change in the magnetic anisotropy as a function of LSMO layer thickness could cause the 

change in magnetization and magnetic nature. The magnetic phase separation in oxygen 

deficient LSMO layer could lead to in-plane exchange bias as Cr2O3 is not expected to show 

in-plane exchange. 
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Chapter 1 Introduction 

 

1.1 Spintronics 

Spintronics is an acronym for spin based electronics, which is a new field that utilizes 

both charge and spin degree of freedom of an electron whereas in traditional electronics only 

electron charge is manipulated to achieve desired functionality. In conventional CMOS 

technology, the device features are getting decreased day by day but there is going to be a 

limit where further reduction cannot be done. In these circumstances, alternate technologies 

are required for the increasing demands of the world wide information technology needs and 

spintronics is one such approach. It aims at reduced power consumption, high integration 

density and enhanced functionality compared to present CMOS electronics. The new 

technologies utilizing spintronic device concepts are read heads of magnetic hard disk drives, 

spin valves, spin transistors, sensors and MRAM devices. The underlying material property 

in read heads is magnetoresistance, for which Nobel Prize in Physics was given in 2007. 

However, for enhancing the reach of this spintronic technology into more device 

applications, development of multifunctional materials in thin film form integrated on Si 

substrate, is needed.  

1.2 Magnetoelectric Effect and Cr2O3 

The magnetoelectric effect is a phenomenon in which electric polarization can be 

induced by applied magnetic fields and magnetization can be induced by applied electric 

fields. This effect can be linear or non-linear. The linear magnetoelectric response of a 

material can be expressed using Pi(Hj) or Mi(Ej).  
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 𝑃𝑖 = 𝛼𝑖𝑗𝐻𝑗 and 𝜇𝑜𝑀𝑖 = 𝛼𝑗𝑖𝐸𝑗 ………………………………(1.1) 1 

Where, 𝑃𝑖 is the electronic polarization induced by magnetic field and 𝑀𝑖 is the 

magnetization induced by electric field. The proportionality constant 𝛼𝑖𝑗 is called magnetic 

tensor and its value is determined by the structure and magnetic symmetry of the material. 

Hence, the linear ME effect is allowed only in materials in which both space-inversion and 

time-reversal symmetries are broken. The majority of research on the ME effect was devoted 

to the linear ME effect. Dzyaloshinskii 2 was the first one to predict that Cr2O3 show 

violation of time-reversal symmetry and soon after that pioneering experimental confirmation 

of an electric-field-induced magnetization 3 and a magnetic field-induced polarization 4, 5 in 

Cr2O3, both linear in the applied field was provided. The ME effect in Cr2O3 was found to be 

αzz = 4.13 psm−1.  

The sesqui oxide Cr2O3, also called as chromia, crystallizes in the corundum structure 

with R3-c space group isomorphous to α-Al2O3. It is a Heisenberg antiferromagnet with a 

Néel temperature of TN = 308 K and is also a linear magnetoelectric material below its Néel 

temperature. Since it exhibits both the magnetoelectric and antiferromagnetic properties at 

room temperature, recently it gained considerable attention with the purpose of using it in 

multifunctional devices. In zero magnetic field the Cr3+ spins align themselves parallel to the 

threefold rhombohedra1 c-axis, forming an easy-axis antiferromagnet. The corresponding 

magnetic symmetry 3′𝑚′ is compatible with a linear ME effect. When the external magnetic 

field applied along the c-axis reaches a critical value of 10 T, spin flop (SF) transition occurs. 

SF transition refers to the change of direction of spins from being parallel to c-axis to be 

oriented perpendicular, i.e in the basal plane. 
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Figure 1.1: The Cr2O3 lattice with rhombohedral unit cell showing the spin direction of Cr3+ ions in 

the two antiferromagnetic domains 6. 

 

Antiferromagnetic domains in single crystal Cr2O3 have been postulated by Astrov 3 and 

Rado 4 to explain certain of their observations of the magnetoelectric effect in this material. 

For uniaxial crystals with common structural and magnetic axes, such as Cr2O3, the 

antiferromagnetic domains are related by 180-degree spin reversal, which are mathematically 

equivalent to time reversal 7. Later T. J. martin et al., 6 observed the controlled 

antiferromagnetic domain reversals in single crystal Cr2O3 as shown in Figure 1.1. Switching 

between substantially single domain states has been achieved with the simultaneous 

application of electric and magnetic fields of approximately, 10 kV/cm and 5 kOe, 

respectively. The switching energy was nearly proportional to the product of the two 

switching fields. The switched domain state was stable even when the applied energy was 

reduced and when reversed in sign. The domain state switched back when its value reached 
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the same order of magnitude as the first threshold energy. The polarization was linear for low 

applied magnetic fields (<6 T) as shown in Figure 1.2(a) and the temperature variation of the 

magnetic susceptibility was as shown in Figure 1.2(b).  

Controlling the magnetic configuration of the MRAM spintronic devices is of 

paramount importance. Different methods such as current induced domain switching 8 and 

magnetic switching by current arrays have been proposed 9. Since the heat generated by the 

large currents limits the miniaturization of the devices, voltage controlled low current method 

was proposed 10. The idea was to use the linear magnetoelectric effect of the Cr2O3 to control 

the exchange of the FM in spintronic devices 11, 12. Utilizing the magnetoelectric effect and 

the surface magnetism of the single crystal Cr2O3, isothermal voltage control was used to 

shift the hysteresis loop of the exchange biased ferromagnetic layer in contact with, instead 

of the regular field cooling procedure 13. The ferromagnetic layer used for this was Pd0.5 

nm/(Co0.6 nm Pd1.0 nm)3, which exhibits perpendicular exchange bias when in contact with the 

Cr2O3 single crystal 14. 
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Figure 1.2: (a) The electric polarization along the z-direction with magnetic field parallel to z-

direction. (b) Magnetic susceptibility variation with temperature 15. 

 

The existence of surface magnetization, required by symmetry in magnetoelectric 

antiferromagnets was proved in Cr2O3 thin films as well 16. For Cr2O3 thin films grown on 

Al2O3 substrate, direct observation of surface magnetization domains was demonstrated 

using photoemission electron microscopy with magnetic circular dichroism contrast and 
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magnetic force microscopy. The domain pattern was strongly affected by the applied electric 

field conditions. Zero-field cooling resulted in an equal representation of the two domain 

types, while electric-field cooling selected one dominant domain type. Perpendicular 

exchange magnetic anisotropy was observed in Pt/Co/Cr2O3 all thin film system 17, 18, when 

the Co layer thickness was less than 1.2 nm. The maximum unidirectional magnetic 

anisotropy energy was 0.33 erg/cm2. The perpendicular exchange bias appears in the 

direction perpendicular to the film independent of the easy direction of magnetization of the 

Co layer 19, 20.  But the voltage controlled exchange bias in all thin film system still remained 

as challenge. 

 

Figure 1.3: Temperature variation of electric polarization measured at various magnetic fields applied 

parallel to c-axis 21. 
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Recently, the magnetoelectric effect in Cr2O3 was revisited and magnetoelectric hysteresis 

loops were reproduced in single crystal samples 21. The figure 1.3 shows the polarization as a 

function of temperature measured along the c-axis in the presence of magnetic field ranging 

from 0 T to 9 T. And the magnetization as a function of temperature measured in the external 

electric field parallel to the c-axis is shown in Figure 1.4. 

 

Figure 1.4: Temperature variation of magnetization measured at various electric fields applied along 

c-axis 21. 

 

1.3 Exchange Bias Effect  

Exchange bias effect occurs when a ferromagnetic (FM) and antiferromagnetic 

(AFM) interface is cooled in the presence of a magnetic field through the Néel temperature 

(TN) of the AFM 22, 23. It is accompanied by a shift of the hysteresis loop of the FM along the 
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magnetic field axis, denoted as exchange bias field HEB. It is the phenomenon associated with 

the exchange anisotropy created at the interface between an FM and AFM materials. 

Meiklejohn and Bean discovered the exchange bias effect in 1956, when they were studying 

magnetic hysteresis loops of Co particles embedded in their natural antiferromagnetic CoO 

24.  Exchange bias effect has also been observed in other types of interfaces involving 

ferrimagnet-FM 25 and ferrimagnet-AFM 26. Exchange bias effect in thin film bilayers is 

more appropriate for the practical devices and is used to pin one of the ferromagnetic layer in 

magnetic tunnel junctions of MRAM devices.  The cartoon in Figure 1.5 shows a simple 

picture for intuitive understanding of the exchange bias effect. Actual spin configurations and 

their rotation varies depending on the interface roughness, anisotropy, and magnetic domain 

structure.  

The first phenomenological model of exchange bias is the Meiklejohn and Bean model 22. 

The magnitude of the exchange bias field is given in terms of interface energy per unit area  

𝛥𝐸 = 𝑀𝐹𝑀𝑡𝐹𝑀𝐻𝐸𝐵…………………………………………………………. (1.2) 

Where MFM and tFM are the saturation magnetization and thickness of the ferromagnet and 

HEB is the exchange bias magnitude. 
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Figure 1.5: Schematic diagram showing the spin configuration of an FM-AFM bilayer at different 

stages of an exchange biased hysteresis loop 27.                                                                                                        

 

1.4 Magnetoresistance   

Magnetoresistance refers to change in resistance of a material/junction when a 

magnetic field is applied. It finds applications in magnetic data storage, biosensors, magnetic 

sensors and microelectromechanical systems. There are different types of magnetoresistance 

and few of them are ‘giant’ and ‘tunneling’ magnetoresistance, which are described below.  

1.4.1 Giant Magnetoresistance 

The giant magnetoresistance (GMR) effect was discovered independently by Albert 

Fert and Peter Grünberg. It occurs in materials consisting of thin alternating layers of 

ferromagnetic and non-magnetic metals due to spin dependent transport within the system. 

The resistivity of the system depends on the relative alignment of the moments of the 
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ferromagnetic layers. Layers with parallel magnetic moments have lower resistance and 

layers with antiparallel magnetic moments have higher resistance. In Fe/Cr multilayers, it 

was found that when the thickness of the nonmagnetic Cr layers was decreased below 20 Å, 

the Fe layers were coupled antiferromagnetically 28. With an external magnetic field, the 

magnetization of the Fe layers can be aligned parallel and the resistance of the multiplayer 

structure decreases. GMR multilayers with 30 Fe/Cr layers showed changes of resistance of 

up to 50% at 4.2 K in a magnetic field of 2 Tesla, as can be seen in Figure 1.6. The resistance 

change generally decreases with increase in temperature. 

 

Figure 1.6: Magnetoresistance of three Cr/Fe multilayers measured at 4.2 K, in the CIP configuration 
28. 

 

There are two principal configurations for the GMR system: the current-in-plane (CIP) 

configuration where the current flows in the plane of the layers, and the current 

perpendicular-to-plane (CPP) configuration where the current flows perpendicular to the 
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plane of the layers. In the same magnetic multilayer, CPP-GMR is usually found larger than 

CIP-GMR.  

1.4.2 Tunneling Magnetoresistance  

Tunneling magnetoresistance (TMR) is an effect that results by the application of 

magnetic field due to the spin dependent tunneling of electrons between two ferromagnetic 

(FM) films through a very thin insulating (I) barrier in magnetic tunnel junctions (MTJs). 

The resistance of MTJs depends on the relative orientations of the magnetizations of two FM 

films. In general the resistance is low with parallel (P), and high with anti-parallel (AP) 

alignments and a magnetic field is needed to switch from an AP to a P orientation. These two 

resistance states can be used to store binary bits of information. TMR is defined as (RAP-

RP)/RP, where RAP and RP are the tunnel resistances in anti-parallel and parallel orientations 

of the magnetization, respectively. It is often expressed as a percentage value. 

The first experiment of TMR dates back to 1975 by Julliere, who observed a 

conductance change of 14% at 4.2 K in Fe/Ge/Co junctions 29. The real curiosity in this field 

triggered with the observation of large resistance change of 18% at 300K in Fe/Al2O3/Fe and 

11.8% at 298K in CoFe/Al2O3/Co junctions by Miyazaki 30 and Moodera 31, respectively in 

1995. The highest TMR value achieved at 300 K to date is 604%, using Co20Fe60B20 

electrodes and MgO barrier 32. Figure 1.7 shows the percentage change of junction resistance 

with the magnetic field applied in the plane of the films. 
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Figure 1.7: TMR effect at room temperature in CoFe/Al2O3/Co junctions. Arrows indicate the relative 

orientation of ferromagnetic electrodes 30. 

 

Based on Tedrow and Meservey’s 33 analysis, Julliere 29 gave the expression for TMR as 

2P1P2/(1-P1P2) where P1 and P2 are the conduction electron spin polarizations of the two 

ferromagnetic materials. This is widely used general equation to estimate TMR for a specific 

pair of electrodes. If both electrodes have P=1, the above expression gives very high %TMR. 

Later from the experimental observations 34 it is understood that spin polarization ‘P’ of a 

ferromagnetic material is not a unique value and depends on the particular barrier used. It 

indicates the crucial role played by barrier material in determining the spin polarization and 

in turn the TMR values. The examples of half metals with 100% spin polarization include 

La0.7Sr0.3MnO3, Fe3O4 and CrO2. In MTJs made of two different FM electrodes having 

different coercivities, an external magnetic field can change the orientation from antiparallel 

to parallel. On the other hand if both FM electrodes are similar, the direction of 

magnetization of one of the electrodes needs to be fixed/pinned so that external field can only 
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change that of other electrode. This pinning could be done by exchange coupling/biasing the 

electrode with an antiferromagnetic layer, whose TN is greater than TC of the FM layer. 
35.  

1.5 La1-XSrXMnO3 

Many complex oxides such as Sr doped lanthanum manganese oxides La1-xSrxMnO3, 

are highly ionic and take the form of the perovskite crystal structure. The generalized 

perovskite crystal has a chemical composition of ABO3 in a simple cubic lattice as shown in 

Figure 1.8 with a motif of (0,0,0)A, (0.5, 0.5, 0.5)B, (0, 0.5, 0.5)O, (0.5, 0, 0.5)O, (0.5, 0.5, 0)O. 

The Sr substitutes for La and occupies (0,0,0)A sites.  In LSMO, the A-site cation will assume 

an ionic state (La3+ and Sr2+) without any valence electrons and the B-site cations are at the 

center of an octahedron of oxygen atoms. 

 

Figure 1.8: The schematic of the perovskite unit cell of ABO3. Yellow: La and/or Sr; Black: Mn; 

White: O. 

 

The Sr doping leads to the formation of a mixed valence state of the Mn (Mn3+ and Mn4+) to 

maintain the charge neutrality of the system 36. The majority of the electronic interactions 

related to magnetism and electron transport will be confined to the B-site cations and oxygen 
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anions. The mixed valence of the Mn ions in similar perovskite complex oxides may also be 

controlled by varying the oxygen content 37,38. At intermediate hole doping, La1-xSrxMnO3 

has a high Curie temperature of 370 K 39. In La1-xSrxMnO3 a structural transition occurs from 

orthorhombic (x > 20%) to rhombohedral (x < 20%) 40. Depending on the Sr doping, one can 

obtain ferromagnetic or antiferromagnetic metallic phases, as well as antiferromagnetic 

insulating phases. In the present study we are interested in the composition La0.7Sr0.3MnO3, 

which is a hole doped room temperature ferromagnetic metal with a Curie temperature of 370 

K 39. 

 

Figure 1.9: Five d orbitals of Mn in LaMnO3. In the cubic crystal field, this fivefold degeneracy is 

lifted into two eg orbitals ((x2 - y2) and (3z2 - r2)) and three t2g orbitals ((xy), (yz) and (zx)) 41. 
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The physical properties of LSMO involve a complex interplay between the spin, charge, 

orbital and lattice degrees of freedom, which strongly depend on the site of occupancy of the 

d orbitals. For LaMnO3, in the cubic environment of the MnO6 octahedron, a crystal field 

will be generated by the hybridization and electrostatic interaction with oxygen 2p electrons 

for the outer 3d electrons in Mn3+. This crystal field lifts the fivefold degeneracy of the d 

orbitals (Figure 1.9) in free Mn3+ ions. The splitting of the energy levels results in the 

formation of low lying triply degenerate 𝑡2𝑔 states and higher doublet 𝑒𝑔 states 42, as shown 

in Figure 1.10. The low lying 𝑡2𝑔 triplet consists of the dxy, dyz and dzx orbitals and these 

orbitals have lobes oriented between the O2− ions. The higher energy eg doublet consists of 

𝑑𝑥2−𝑦2 and 𝑑3𝑧2−𝑟2 orbitals and their lobes point in the directions of the O2− ions. Due to 

columbic repulsion, the lowest energy d-orbitals are those that are farthest from the orbitals 

of the neighboring atoms. A distortion of the oxygen octahedral further removes the 

degeneracy of the eg orbitals due to the orbital–lattice interaction and is called Jahn–Teller 

distortion. 
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Figure 1.10: Crystal field splitting of the 3d orbitals of Mn3+ and further degeneracy removal of the 

eg orbital due to Jahn–Teller distortion 43. 

 

The LSMO is a ferromagnetic conducting oxide, in which the electron conduction occurs 

through a hopping mechanism. Since La and Sr have the stable oxidation states of 3+ and 2+, 

respectively, the Mn ions are left in a combination of 3+ and 4+ oxidation states. Zener gave 

an intuitive explanation for the ferromagnetism, as arising from an indirect coupling between 

‘incomplete d shells’ of Mn+3 and Mn4+ via ‘conducting electrons’ of oxygen, which is called 

double exchange mechanism 44. The mixed valence Mn oxidation states correspond to 

electron configurations of 𝑡2𝑔
3  𝑒𝑔

1 and 𝑡2𝑔
3 , which is shown in Figure 1.11. Here, a competition 

occurs between the crystal field energy and Hund's pairing energy. The crystal field energy 

splits the 3d levels and favors occupation of the  𝑡2𝑔 states whereas Hund’s energy favors a 

maximization of the total spin quantum number. The final electron configuration will 
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therefore be determined by the relative strengths of the crystal field and pairing energy. In 

LSMO, the Hund’s pairing energy dominates and the movement of the eg electron of the 

Mn3+ ion through the crystal is facilitated by the overlap between the Mn d-orbitals and the O 

p-orbitals. The  𝑡2𝑔 electrons encounter the on-site repulsion and are consequently localized. 

Electron transfer is more energetically favorable if neighboring moments are aligned, so 

reducing the kinetic energy term and hence ferromagnetism. 

 

Figure 1.11: Schematic of the double exchange mechanism between Mn3+ and Mn4+ ions proposed by 

Zener 44. 

 

The La0.7Sr0.3MnO3 exhibits colossal magnetoresistance and Half metals are the materials 

with 100% spin polarization at the Fermi level, This term is derived from their ability to act 

as a metal for one spin orientation, but an insulator  for the other spin orientation. 
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1.6 Thin Film Epitaxy 

Epitaxy is an important concept in thin films and has its roots in two ancient Greek 

words ε π ι (epi - placed or resting upon) and τ α ξ ι ξ (taxis - arrangement). In thin films 

context, epitaxy refers to the formation of an extended single-crystalline film on top of a 

crystalline substrate. Epitaxy is broadly categorized into two forms, called homoepitaxy and 

heteroepitaxy. In homoepitaxy, the film and substrate are made of same material, where as 

they are different in heteroepitaxy. An example of homoepitaxy is growth of epitaxial Si film 

on Si substrate and an example of heteroepitaxy is growth of Ge film on Si substrate. The 

heteroepitaxy is of technological significance, which allows the growth of novel materials 

and devices on commonly used substrate systems such as Si and Al2O3. The lattice misfit 

between the substrate and film is the key parameter that controls the growth, morphology, 

and properties of the film. The lattice misfit strain is defined as:  

𝑠𝑡𝑟𝑎𝑖𝑛 =
𝑎𝑓−𝑎𝑠

𝑎𝑠
 ……………………………………………………….. (1.3) 

Where 𝑎𝑓 is lattice constant of film and 𝑎𝑠 is lattice constant of substrate. Now we will 

discuss two types of epitaxy.  

1.6.1 Lattice Matching Epitaxy  

In lattice matching epitaxy (LME), there is a one-to-one matching of the lattice 

parameters of the film and substrate across the interface. The lattice matching epitaxy is 

applicable when the misfit strain is less than 7 – 8 %. In LME, the film grows 

pseudomorphically until it reached a critical thickness, above which strain energy becomes 

high enough to initiate the nucleation of dislocations to relax the film. The critical thickness 
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at which dislocation nucleation occurs is directly related to the misfit. In low misfit systems 

the critical thickness for dislocation nucleation may be quite large and dislocation nucleation 

and therefore, strain relaxation are difficult to achieve.  

1.6.1 Domain Matching Epitaxy  

In case of systems with lattice misfit larger than 7-8%, the conventional lattice 

matching epitaxy is unable to explain the thin film epitaxy based on one-to-one matching of 

lattice parameter across the film/substrate interface. LME predicts that for larger misfits the 

thin film growth converts to textured or poly-crystalline growth instead of epitaxial growth. 

However, heterostructure epitaxial growth is observed in some of large lattice misfit systems 

(>7-8%), such as ZnO(0001)/Al2O3(0001), GaN(0001)/Al2O3(0001), AlN(0001)/Si(111) and 

TiN(100)/Si(100). Epitaxial growth in such systems can be explained under the framework of 

domain matching epitaxy (DME), which was proposed by Narayan et al 45. Based on the 

domain matching epitaxy theory, an epitaxial film can be deposited on the substrate with 

different orientations. Under the DME framework, the film adopts either a fixed or the same 

orientation relationship with the substrate, depending upon the nature of the misfit. The 

misfit is accommodated by matching of integral multiples of lattice planes, where one extra 

half plane (dislocation) corresponding to each domain. The schematic in Figure 1.12 

illustrates such an example of growth of film. In DME, the strain can be relieved within a 

couple of monolayers, so that the misfit strain and dislocations can be engineered to confine 

close to the interface. The residual strain is minimized by matching of m planes of films with 

n planes of substrate, given as  

 𝜀𝑟 =
𝑚𝑑𝑓

𝑛𝑑𝑠
− 1 ……………………………………………………. (1.4) 



 

 
                                                                                                                                   20 

Where m and n are simple integers and 𝑑𝑓 and 𝑑𝑠 are the inter-planar spacing of film and 

substrate, respectively. If the misfit corresponds to the perfect matching ratios of planes 

(𝑚𝑑𝑓 =  𝑛𝑑𝑠), the residual strain will be zero. On the other hand, if the misfit falls away 

from perfect matching, the residual strain is relieved by two domains, alternating with a 

certain frequency (α) to provide for a zero residual strain, given as 

(𝑚 + 𝛼)𝑑𝑓 = (𝑛 + 𝛼)𝑑𝑠 ……………………………………………… (1.5) 

Where α is the domain variation parameter. For example, if α = 0.5, then m/n and 

(m+1)/(n+1) domains alternate with an equal frequency. 

 

Figure 1.12: Schematic representation of domain matching epitaxy (DME), in which three lattice 

planes of film match with four lattice planes of substrate. 
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Chapter 2 Experimental Methods 

2.1 Pulsed Laser Deposition  

Pulsed laser deposition (PLD) is a versatile non-equilibrium physical vapor 

deposition technique to grow thin films of material. In 1965, laser-assisted growth was first 

demonstrated by Smith et. al.1, using a high power ruby laser. However major milestone in 

PLD thin film deposition occurred in 1987 when the growth of YBa2Cu3O7 superconducting 

thin films was demonstrated on sapphire substrate by Dijkkamp et. al2. Since it can precisely 

control complex stoichiometry, it became popular to synthesize variety of high quality oxide 

thin films. The schematic in Figure 2.1 depicts the pulsed laser deposition assembly. It makes 

use of a high-powered laser to vaporize a polycrystalline target material and the resulting 

plume gets deposited on the substrate in thin film form. The target material should be dense 

and uniform in composition. The whole deposition process takes place in a vacuum chamber. 

During the deposition some oxygen background pressure is used to control the kinetic energy 

of the species in the plume. The main advantage of PLD arises due to the high energy of the 

ablated species 3, 4. The energy of the ablated species can be as high as 10 to 100 eV, which is 

very high compared with the energy of the ejected species in thermal and electron beam 

evaporation techniques. For example, the thermal energy (KT) at 1200 K is about 0.1 eV. 

The high kinetic energy of the species helps to form good crystalline films at comparatively 

reduced temperatures. 



 

 
                                                                                                                                   26 

 

Figure 2.1: Schematic diagram showing the pulsed laser deposition assembly. 

 

The plume in PLD is forward directed and so imposes restriction on the position of the 

substrate and any deviation from this result in thickness non-uniformity. Since the target 

carousal is capable of holding 4 or 6 targets, multilayer thin films can be deposited in-situ 

without breaking the vacuum. One main disadvantage of the PLD is that samples larger than 

1x1 cm2 in size suffer from variation in film thickness because of the more directional nature 

of the plume. Another drawback of PLD is the formation of chunks on the film, which 

degrades the quality of the film. All samples in this work were deposited using pulsed laser 

deposition with a KrF excimer laser of 248 nm wavelength and 25 ns pulse duration.   
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2.2 X-ray Diffraction 

X‐ray diffraction (XRD) was used to study the crystalline nature, quality and to 

obtain the epitaxial relationships between the substrate and buffer layers. It also provides 

information about the phase composition, lattice parameter, and lattice strain. The XRD 

technique is based on the principle of diffraction governed by the Bragg’s law. Generally, 

diffraction occurs when waves of wavelength of the same order as the repeat distance of the 

periodic structure interacts with the periodic structure. Since X‐rays have wavelengths few 

angstroms, which is of the same order as the inter‐atomic distances in crystals, they are used 

to investigate the crystals. When an X‐ray beam is incident at an angle of θ on parallel planes 

of atoms, the   waves interacts either constructively or destructively depending upon the path 

difference. For the constructive interference, the path difference should be equal to the 

integral multiples of wavelength as given by Bragg’s law 5.  

nλ= 2d sinθ ……………………………………………………………………….. 2.1 

Where n is an integer indicating the order of reflection, λ is the wavelength of the X‐ray 

beam, d is the inter‐planar spacing and θ is the incident angle. Bragg’s law is the necessary 

condition for the diffraction to occur but not sufficient. The schematic of an XRD system in 

the θ-2θ configuration is shown in Figure 2.2. In the θ-2θ scan, the sample moves by θ and 

the detector measures the diffracted beam at an angle 2θ and moves by 2θ. Copper Kα x-rays 

of wavelength 1.54 Ao were used for the diffraction. The X‐ray diffraction is a non‐

destructive technique which provides crystal information from a relatively large area of the 

sample and requires minimal sample preparation. 
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Figure 2.2: Schematic representation of XRD θ-2θ scan configuration. 

 

One disadvantage of the XRD is that it is difficult to detect if the amount of material is less 

than 10 % by weight and hence particles or precipitates with sizes in the nano‐regime may 

not be detected. The two‐circle diffractometer gives information about the growth orientation 

and a four‐circle diffractometer is used to know the in‐plane orientations of thin films to 

establish the epitaxy. 
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Figure 2.3: Schematic representation of the Philips X’Pert diffractometer used for φ‐scans. IBO: 

Incident beam optics, DBO:  diffracted beam optics 

 

In four‐circle diffractometer, in addition to rotation along θ‐ and 2θ‐axis, the sample can be 

tilted with respect to the incident beam (ψ‐axis) and also rotated 360o around the surface 

normal (φ‐axis). A schematic diagram of the four‐circle diffractometer is shown in Figure 

2.3. The in‐plane epitaxial relationships can be established by φ‐scans. To perform a φ‐scan 

an appropriate crystallographic plane (hkl), which is inclined at an angle ψ to the 

growth/sample surface plane, is identified. The θ and 2θ angles are set corresponding to 

Bragg angle for the identified plane. The sample will be tilted to ψ angle and the diffraction 

intensity will then be recorded as a function of sample rotation along φ‐axis. The epitaxial 

film exhibits sharp peaks at certain φ‐angles in the φ‐scan.   

2.3 Transmission Electron Microscopy 

Cross-sectional transmission electron microscopy (TEM) was performed on the 

samples to study the interface microstructure, estimate the thickness of the layers and to 

verify the epitaxial relationships. JEOL 2010F and the aberration corrected STEM–FEI Titan 
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80-300 microscopes were used in this study. The imaging techniques mainly used were: 

bright field, high resolution phase contrast and STEM-Z imaging. Selected area diffraction 

(SAED) was performed to identify the crystalline nature and epitaxy.  

The cross section TEM samples were prepared by a series of steps including 

mechanical polishing, and ion‐milling. To begin with, two small sample pieces (about 2 x 2 

mm) were stuck together using an M‐Bond 610 adhesive with the film side facing each other. 

The sample attached to a pyrex stub was mechanically flat polished on one side until mirror 

finish and nearly scratch free. After that it was flipped to other side and flat polished until 40 

μm thickness after which it was wedge polished (2o) until 1 μm thickness.  For these 

purposes, a series of diamond papers with reducing grit sizes were used. Final polish was 

usually done on a felt wheel using 0.05 micron colloidal silica slurry. When the sample is 

about 1 μm thickness, it exhibits fringes when observed under optical microscope. Once the 

wedge polish was done, a ring of 3.05 mm diameter made up of Ta or Mo was attached to the 

sample with the thin region at the center of the ring. The combined sample was then ion 

milled until electron transparency.  

2.4 Magnetic Measurements 

All the magnetic measurements were performed in Quantum Design Magnetic 

Property Measurement System (MPMS) incorporating SQUID magnetometer. SQUID stands 

for superconducting quantum interference device. SQUID magnetometer is composed of a 

pickup coil with two Josephson junctions in parallel and allows the detection of changes in 

magnetic flux as small as single magnetic flux quanta [48]. SQUID is a very sensitive 

instrument and we were able to resolve magnetic signals as small as 1x10-7 emu. The MPMS 

is capable of reaching fields as high as 7 T and the temperatures ranging from 2-400K.  
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In-plane magnetic measurements were performed with magnetic field lying in the 

plane of the sample whereas out-of-plane measurements were performed with magnetic field 

applied along the sample normal. Two types of measurements were performed; M-H 

hysteresis loops and M-T measurement. For M-H loops, generally the sample was cooled 

down to the particular temperature of measurement from room temperature and the 

magnetization was measured as a function of field. For exchange bias study, the sample was 

cooled from above the Neel temperature of the AFM under certain applied field after which 

M-H measurement was performed. Since SQUID measures the bulk moment of the whole 

sample (films + substrate) the substrate and buffer layer diamagnetic contributions has to be 

subtracted. The diamagnetic contribution appears as a straight line in the magnetic moment 

vs. applied field data and can be subtracted ing the slope multiplied by field from the 

obtained data. 

2.5 Transport and Magneto-transport Measurements  

The transport and magneto-transport measurements were performed on 5mmx5mm 

samples in Quantum Design, EverCool-II PPMS with base temperature down to 2 K and 

magnetic field up to 9.0 T. PPMS stands for physical property measurement system. For both 

the measurements four indium dots were mechanically pressed on the corners of the sample 

and  resistance measurements were performed in four probe van der Pauw configuration. The 

sample with pressed indium dots was mounted on a custom built rotatable pogo-pin setup in 

the PPMS. The magneto-transport measurements were performed in AC delta mode with 

model 6000 PPMS controller to measure magnetoresistance accurately without any error in 

the measurements. The magnetoresistance was measured along XX direction with applied 

perpendicular field along ZZ direction. In the next step, the sample was rotated by 90 degree 
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to apply in-plane magnetic field along XX direction and in-plane magneto-resistance was 

measured along the same XX direction. 

 

Figure 2.4: Schematics of the magnetoresistance measurements. (a) In-plane magnetoresistance. (b) 

Out-of-plane Magnetoresistance. 
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3.1 Abstract: 

We report on the epitaxial growth and magnetic properties of antiferromagnetic and 

magetoelectric (ME) Cr2O3 thin films deposited on cubic yttria stabilized zirconia (c-

YSZ)/Si(001) using pulsed laser deposition (PLD). The X-ray diffraction (2Ɵ and Φ) and 

TEM characterizations confirm that the films were grown epitaxially. The Cr2O3(0001) 

growth on YSZ(001) occurs with twin domains. There are four domains of Cr2O3 with in-

plane rotation of 30o or 150o from each other about the [0001] growth direction. The epitaxial 

relation between the layers is given as [001]Si ‖ [001]YSZ ‖ [0001]Cr2O3 and [100]Si ‖ 

[100]YSZ ‖ [101̅0]Cr2O3 or [112̅0]Cr2O3. Though the bulk Cr2O3 is an antiferromagnetic 

with TN =307 K, we found that the films exhibit ferromagnetic like hysteresis loops with high 

saturation and finite coercive field up to 400K. The thickness dependent magnetizations 

together with oxygen annealing results suggest that the ferromagnetism (FM) is due to 

oxygen related defects whose concentration is controlled by strain present in the films. The 

out-of-plane magnetic measurements on Cr2O3(0001) films showed magnetic behavior 

suggesting antiferromagnetic nature. This FM in addition to the intrinsic magneto-electric 

properties of Cr2O3, opens the door to relevant spintronics applications.  
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3.2 Introduction:  

The transition metal sesqui oxide Cr2O3 that crystallizes in the corundum structure 

with R3̅c space group is an antiferromagnetic insulator below Néel temperature 307 K 1,2 and 

is also the first room temperature (RT) magneto electric material reported 3,4. ME effect 

refers to the induction of magnetism by the application of an electric field (E) and vice versa 

5. The high insulating nature of Cr2O3 makes it a suitable candidate to be employed as a 

tunnel barrier in magnetic tunnel junctions 6. There is a revival of interest in Cr2O3 because 

of the recent studies in multiferroics. Room temperature ferromagnetism (ferro electricity) 

has been observed in finite E (H) fields in bulk Cr2O3 single crystal 7.  Isothermal electric 

control of exchange bias at RT has been realized in a system of Cr2O3 in contact with a 

ferromagnetic film 8.  It is shown using spin polarized photoemission spectroscopy, first 

principles calculations and magnetometry that the (0001) surface of Cr2O3 has a roughness-

insensitive electrically switchable magnetization 8. Spatially resolved magnetization domain 

structure has been observed on the (0001) surface of Cr2O3 by electric field control 9.   

Although there are many reports in the literature on the thin film deposition of Cr2O3, 

most of them are related to the use of sapphire as a substrate because of the similarity in the 

crystal structure 10-12, while some attempts have been made at depositing Cr2O3 films on Si 

substrate 13-15. Shiratsuchi et al., report the integration of epitaxial Cr2O3(0001) films on 

Si(111) by using an Au(111) buffer layer 16.  However, no report has been made on the 

epitaxial growth of Cr2O3 on Si(001). The recent theoretical predictions and experimental 

observations 8 demonstrating the capability of Cr2O3 to be used in future advanced electronic 

devices indirectly necessitate its integration with Si(001), which is the mainstay substrate in 
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micro-electronics industry.  It is difficult to grow Cr2O3 directly on Si because of the 

amorphous native oxide present on it. This can be solved by choosing c-YSZ buffer layer that 

can be epitaxially grown on Si(001) 17,18. The YSZ can chemically react and be able to 

remove the native oxide on Si. Once it removes the native oxide, the epitaxial growth of YSZ 

takes place due to the lattice matching between Si and c-YSZ (5.37%).  In this letter, we 

report on the epitaxial growth of Cr2O3 thin films integrated on Si(001) using epitaxial c-YSZ 

buffer layer by PLD technique. We present a detailed structural characterization of the grown 

films using XRD (2Ɵ and Φ), TEM and XPS. The in-plane magnetization results acquired 

from the samples show typical ferromagnetic behavior up to 400K. The ferromagnetic 

behavior in otherwise antiferromagnetic material is attributed to the oxygen related defects 

whose concentration is controlled by strain present in the films. The temperature variation of 

coercive field is following the well-known Bean and Livingston relation for an assembly of 

non-interacting single domain particle system. This room temperature ferromagnetism 

(RTFM) in magneto electric and antiferromagnetic Cr2O3 is promising for the future non-

volatile memory applications like spintronics.  

3.3 Experimental Details:  

The Cr2O3/YSZ thin films were grown epitaxially on Si(001) using pulsed laser 

deposition that utilized a KrF laser (λ=248 nm, τ=25 ns).  First, the YSZ buffer layer of 160 

nm was grown at 600oC with a few initial pulses under 1x10-5 Torr vacuum and the 

remaining under 5x10-4 Torr O2. The Cr2O3 film was then deposited from the Cr target on the 

YSZ/Si that was held at 650oC under oxygen partial pressure of 5x10-2 Torr O2. We found 

that the stoichiometry of the film can be controlled better by using metallic Cr target instead 

of oxide Cr2O3. The laser frequency was 5 Hz for both the cases whereas the fluency was 2.8 
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J/cm2 for YSZ and 3.2 J/cm2 for Cr2O3. The crystal structure of the films was studied using 

Rigaku X-ray diffractometer (2θ-scans) and epitaxial relationships were determined from the 

Φ scans using Panalytical X’Pert PRO MRD HR X-Ray Diffraction System.  The JEOL 

2010F TEM was used for imaging and estimation of the thicknesses of the layers.  The 

chemical analysis for Cr2O3 films was carried out using X-ray photoelectron spectrometer in 

SPECS FlexMod system equipped with an Al Kα monochromatic x-ray source (1486.7eV). 

The magnetic properties were measured by applying magnetic field parallel to the 

Cr2O3(0001) surface, using Super-conducting Quantum Interference Device (SQUID). 

3.4 Results and Discussion:  

Figure 3.1 shows the typical XRD θ-2θ pattern of Cr2O3/YSZ/Si heterostructure. The 

presence of only (00l) reflections corresponding to Cr2O3, YSZ and Si excludes the 

possibility of secondary phases and also confirms the textured growth of the films. The 

rocking curve (ω-scan) for the (0006) plane of Cr2O3 shown in the inset of  Figure 3.1 gives a 

FWHM of 0.6o, indicating a good crystallinity of the film. In order to confirm the epitaxial 

nature of the films and establish the epitaxial relationships, XRD Φ-scan measurements were 

performed. Figure 3.2(a) shows the typical Φ-scan for the heterostructure. The phi-scan is 

excited on the (111) planes which are inclined at 54.73o from (001) plane for YSZ and Si and 

on (101̅4) reflections, which are inclined at 38.24o from (0006) plane for Cr2O3. The four-

fold symmetry of YSZ(111) reflections coincident with those of Si(111) shows that the 

YSZ(002) grows on Si(001) with cube-on-cube geometry. The epitaxial nature of Cr2O3 is 

evident from the twelve equi-spaced sharp peaks appearing in the Φ-scan. The epitaxial 

growth of Cr2O3 on YSZ can be understood in the paradigm of domain matching epitaxy 19. 

The presence of twelve peaks, instead of three corresponding to 3-fold symmetry of the C-
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axis indicates that there are four different in-plane domain variants with a single out-of-plane 

orientation. This is expected due to the growth of 3-fold symmetric Cr2O3(0001) on 4-fold 

symmetric YSZ(002). 

 

Figure 3.1: Typical XRD θ-2θ pattern of Cr2O3/YSZ/Si(001) heterostructure. Inset: ω-scan excited on 

(0006) peak of Cr2O3. 
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Figure 3.2: (a) Typical XRD φ scan of Cr2O3/YSZ/Si(001) heterostructure. It was excited on (101̅4), 

(111) and (111) reflections of Cr2O3, YSZ, and Si, respectively. (b) Schematic arrangement of the 

alignment of four different in-plane domain variants of Cr2O3 with YSZ unit cell planes across 

Cr2O3/YSZ interface. 

 

It can be seen in Figure 3.2(a) that the intensity of all four domains is almost the same, 

implying that all domains are equally probable. The schematic showing the alignment of four 

different domain variants of Cr2O3 on YSZ across the YSZ/Cr2O3 interface is in Figure 

3.2(b). The epitaxial relationships obtained from Φ-scan data can be written as [001]Si ‖ 

[001]YSZ ‖ [0001]Cr2O3 and [100]Si ‖ [100]YSZ ‖ [101̅0]Cr2O3(or) [112̅0] (or) 

[011̅0](or) [1̅21̅0]Cr2O3. It can be seen from the schematic in Figure 3.2(b) that the lower 

Cr2O3 domains are twin equivalent to the upper ones. 
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Figure 3.3: (a) Low magnification cross-sectional TEM image of Cr2O3/YSZ/Si(001) heterostructure. 

(b) HRTEM image of Cr2O3/YSZ interface. Inset of (a) shows the [110] zone axis SAED pattern 

acquired across the Si/YSZ interface. 

 

We have performed TEM analysis to study the microstructure and further confirm the 

epitaxial nature of the films. The low magnification bright field cross sectional TEM image 

for Cr2O3/YSZ/Si heterostructure is shown in Figure 3.3(a). The growth rate of the Cr2O3 thin 

film is estimated as 0.4 Ao per laser pulse. The interface between YSZ and Cr2O3 is clean, 

sharp and reaction free, which can be seen in HRTEM image in Figure 3.3(b). To further 

confirm the epitaxial relations, we acquired SAED patterns for the heterostructure. The [110] 

SAED pattern acquired at the Si/YSZ interface is shown in the inset of Figure 3.3(a), which 

is in agreement with the Φ-scan data. The SAED pattern for region covering only Cr2O3 is 

shown in Figure 3.4. In order to determine the surface composition and valence state of Cr in 

our films, XPS measurements were performed. The survey spectrum shows peaks related to 

chromium, oxygen and some atmosphere carbon as shown in Figure 3.5. The high resolution 

XPS data collected (not shown here) for the Cr 2p core level peaks suggests that Cr is in +3 
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valence state. We did not observe any peaks corresponding to metallic and other valence 

states of Cr. 

 

Figure 3.4: The SAED pattern acquired on Cr2O3 thin film showing two patterns along <72̅5̅0> and 

<527̅0> zone axes corresponding to two domains of Cr2O3. 

 

The magnetic measurements, in all the cases, were performed by applying the magnetic field 

parallel to the (0001) plane of Cr2O3. The data collected from a 40 nm thick Cr2O3 is 

displayed in the main panel of Figure 3.6(a). It shows the isothermal magnetic hysteresis (M-

H) loops measured in the -10 KOe to +10 KOe field range at temperature ranging from 5K to 

400K. The diamagnetic contribution from the substrate and the buffer layer has been 

subtracted. It can be seen that the loops exhibit saturation and finite coercive field at all the 

measured temperatures, indicating a typical ferromagnetic like behavior up to 400K. 
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Figure 3.5: XPS survey spectrum of Cr2O3 thin film, showing peaks corresponding to chromium, 

oxygen and some atmospheric carbon. 

 

The field dependent magnetization at 300K starts to saturate around 5000 Oe, above 

which it is parallel to the field axis. The saturation magnetization (MS) and coercive field 

(HC) at 300K are 33 emu/cc and 75 Oe, respectively. Lower right inset of Figure 3.6(a) 

shows the enlarged view of the same. To identify the nature of ferromagnetism, the thermal 

variation of HC extracted from M-H loops is plotted in the upper left inset of Figure 3.6(a). 

According to Bean and Livingston, the coercive field for an assembly of non-interacting 

single domain particles with uniaxial anisotropy follows the law HC= H0[1-(T/TB)1/2] 20. Here 

TB is the blocking temperature above which the particles become super-paramagnetic. It can 

be seen that HC decreases linearly with the square root of temperature up to 300K, which is 

consistent with the above model. From this we may say that the contribution to FM is from 

single domain regions. 
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Figure 3.6: (a) Isothermal field dependent magnetization plots of 40 nm thick Cr2O3 film ranging 

from 5K to 400K. Lower inset: Enlarged view of the same in the -500 Oe to +500 Oe field range. 

Upper inset: Plot of HC vs T1/2 showing linear fit in the range 5K to 300K. (b) M-H loops acquired at 

5K for Cr2O3 films with thickness ranging from 20 to 160 nm. Inset shows the enlarged version of the 

same. (c) Thickness dependent saturation magnetization MS and out-of-plane strain εzz measured from 

XRD 2θ scans (d) M-H loops for 40 nm thick Cr2O3 acquired at 5K for pristine and oxygen annealed 

samples. For all the magnetic measurements field was applied parallel to the (0001) surface of Cr2O3. 

 

The TB using the above fit is determined to be 415K. The M-H loops in Figure 3.6(a) and 

magnetization versus temperature data in Figure 3.7 indicate that the Curie temperature TC is 

above 400K, which is well above the Nèel temperature 307K of bulk Cr2O3. 
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Figure 3.7: The magnetization versus temperature data measured on a 40nm thick Cr2O3 film. The 

sample was cooled from 400K to 5K under an applied field of 2000 Oe and the data was collected 

during warming cycle with the same field. 

 

The FM observed on the (0001) plane of Cr2O3 is in contrast to what has been 

reported earlier in Cr2O3 thin films 21. In bulk single crystal Cr2O3, the Cr+3 spins are oriented 

along the C-axis (parallel and anti-parallel). In the absence of external field, the number of 

spin up’s is equal to that in down direction and there will be no net magnetization. When a 

magnetic field is applied along the C-axis, it results in some net surface magnetization in the 

applied field direction. However, recently, there is a report on the observation of soft 

ferromagnetic behavior (in-plane) up to 315 K in poly/textured Cr2O3 films grown on Au 

buffer layer, which was attributed to lattice misfit strain 15. The Cr2O3/YSZ/Si sample in the 

present case shown high HC and TC compared to previous reports. In the literature, 

observation of FM in otherwise AFM materials in thin film or nano particles form has been 

widely reported 22-24, attributed to domain boundaries, uniform spin canting and strain.  



 

 
                                                                                                                                   45 

To identify whether the origin of FM in Cr2O3 thin film is due to strain, we have 

grown films of various thicknesses ranging from 20 nm to 160 nm. The in-plane M-H loops 

acquired at 5K from the samples are plotted in Figure 3.6(b); inset shows the enlarged view 

of the same for 80, 120, 160 nm thick films. All of the above samples shown typical FM 

nature up to 400K. It can be clearly seen that MS is decreased with increasing thickness, 

indicating a strong effect of thickness on MS. The thickness dependent MS can be correlated 

with the strain present in the film. High resolution XRD 2Ɵ-scans around the Cr2O3(006) 

peak were collected to determine the strain. The peak position is shifted towards lower 2Ɵ 

values with increasing thickness of the film. It means that the out-of-plane lattice constant 

(COOP) is increased with increasing thickness, approaching bulk value for thicker films. The 

strain ε zz present along this direction can be found from ε zz = (COOP- Cbulk)/ Cbulk; where 

Cbulk is the bulk value of C (13.594 Ao). The variation of εzz and saturation magnetization 

(MS) with thickness is presented in Figure 3.6(c). It is evident from this plot that MS is 

maximum (minimum) when the magnitude of εzz is maximum (minimum). The –ve sign for 

εzz indicates a compressive strain.  These results suggest that FM in Cr2O3 is induced by 

strain. A similar thickness dependent magnetism was observed in BFO 25 and Co:ZnO 26 

films. Strain in thin film systems has three sources: lattice misfit, thermal and defect induced. 

Defect-induced or oxygen vacancy induced ferromagnetism has been observed in some oxide 

materials like ZnO 27 and Sr3SnO films 28. In order to identify whether the strain present in 

our films is due to defects, we have performed post O2 annealing on the 40 nm thick sample 

at 100 Torr and 650oC for 3 h. It is well known that annealing in oxygen atmosphere 

improves the crystallinity of the film by reducing point defects such as oxygen vacancies and 
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hence relieving the strain. We found that MS at 5K is reduced dramatically from 48 to 8 

emu/cc after O2 annealing, as shown in Figure 3.6(d). 

 

Figure 3.8: The XRD data collected around Cr2O3(0006) peak on a 40 nm thick Cr2O3 film before and 

after oxygen annealing. The out-of-plane strain decreased from -0.55 % to -0.50% with oxygen 

annealing. 

 

To confirm that crystal structure and phase of Cr2O3 has not changed after annealing, we did 

XRD after oxygen annealing and found that the structure retained same. And there is a 

decrease in the out-of-plane lattice strain εzz after oxygen annealing that can be seen from the 

shift of the Cr2O3(0006) peak position in Figure 3.8. Further, the XPS data excludes the 

presence of any magnetic impurities and supports that the observed magnetic moment can’t 

be an impurity induced one. These results suggest that FM is mainly due to oxygen related 

defects whose concentration is controlled by strain present in the films.   
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Figure 3.9: Isothermal field dependent magnetization plots of 40 nm thick Cr2O3 film at temperatures 

5K, 50K and 300K as denoted. The magnetic field was applied along the out-of-plane [0001] 

direction, which is the easy axis for antiferromagnetic Cr2O3. 

 

In order to verify whether the Cr2O3 thin films are showing antiferromagnetic nature or not, 

we have performed M-H hysteresis loop on oxygen annealed thin film of 40 nm with applied 

field along the out-of-plane [0001] direction, which is the easy axis for antiferromagnetic 

Cr2O3. As can be seen in Figure 3.9, there is a linear variation of magnetization with the 

applied field at all the temperatures except a small loop near the origin for 5K data. Similar 

linear unsaturated variation of M with H was observed in epitaxial Cr2O3(0001) thin films 

grown on Al2O3 substrate. These results suggest antiferromagnetic nature of Cr2O3 along the 

out-of-plane as expected. 
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3.5 Conclusions:  

In conclusion, we have integrated epitaxial Cr2O3 films on Si(001) substrate via YSZ 

buffer layer using pulsed laser deposition. The X-ray Φ-scan and TEM confirmed the 

epitaxial nature of the films. The epitaxial relations can be written as (001)[100]Si ‖ 

(001)[100]YSZ  and (001)[100]YSZ ‖ (0001)[101̅0]Cr2O3 (or) (0001)[112̅0]Cr2O3 (or) 

(0001)[011̅0]Cr2O3 (or) (0001)[1̅21̅0]Cr2O3. The in-plane magnetic measurements showed 

ferromagnetic behavior with high saturation magnetization and finite coercivity existing up 

to 400K. The magnetization is found to be a strong function of thickness, which is correlated 

with the residual strain present in films. The thickness dependent magnetizations together 

with oxygen annealing results suggest that the FM is due to oxygen related defects whose 

concentration is controlled by strain present in the films. The out-of-plane magnetic 

measurements on Cr2O3(0001) films showed magnetic behavior suggesting antiferromagnetic 

nature. The in-plane ferromagnetism in addition to the intrinsic magneto-electric properties 

of Cr2O3 opens the door to relevant spintronics applications. 
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4.1 Abstract: 

We report on the epitaxial growth and magnetic properties of Cr2O3 thin films grown 

on r-sapphire substrate using pulsed laser deposition. The X-ray diffraction (2Ɵ and Φ) and 

TEM characterization confirm that the films are grown epitaxially. The r-plane (011̅2) of 

Cr2O3 grows on r-plane of sapphire. The epitaxial relations can be written as: [011̅2] Cr2O3 ‖ 

[011̅2] Al2O3 (out-of-plane) and [1̅1̅20]Cr2O3 ‖ [1̅1̅20]Al2O3 (in-plane). The as-deposited 

films showed ferromagnetic behavior up to 400K but ferromagnetism almost vanishes with 

oxygen annealing. The Raman spectroscopy data together with strain measurements using 

high resolution XRD indicate that ferromagnetism in r-Cr2O3 thin films is due to the strain 

caused by defects such as oxygen vacancies.  

4.2 Introduction: 

The sesqui oxide Cr2O3 is an antiferromagnetic (AFM) insulator below the Néel 

temperature 307K. It crystallizes in the corundum structure with R3̅c space group and 

belongs to 3̅′𝑚′ magnetic point group, with the easy axis of magnetization along the [0001] 

direction. Cr2O3 has been used in a broad range of applications such as protective coatings on 

stainless steels 1, as a catalyst 2 and as a solar thermal energy collector 3. Since Cr2O3 is a 
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very insulating material, it can also be used as a tunnel barrier in magnetic tunnel junctions 4, 

5. It was the first compound in which the linear magnetoelectric (ME) effect was theoretically 

predicted 6 and experimentally observed 7. The ME effect refers to the appearance of electric 

polarization by the application of magnetic field and vice versa 8. Although ME effect is a 

well-studied phenomenon, recently there is a rejuvenation of interest in this area with the aim 

of use in technological applications like spintronics 9,10. The ME effect of Cr2O3 is exploited 

to alter the magnetization of a ferromagnetic (FM) layer that is exchange biased with the 

adjacent AFM 11. Recently, electrically switchable exchange bias has been realized at room 

temperature in Cr2O3 single crystal when in contact with a ferromagnetic film, utilizing an 

unconventional surface magnetism on the Cr2O3(0001) surface 12,13.  

So far, the magnetoelectric property of Cr2O3 has been demonstrated only in single 

crystals 12,14. Room temperature ferromagnetic (electric) hysteresis loops have been reported 

under external electric (magnetic) fields in Cr2O3 single crystals. Since the net magnetic 

moment induced by applied electric field in ME Cr2O3 is small 14, it is interesting and useful 

to see whether magnetic moment can be induced by other means, for example, by defects in 

the present case. Though, many reports are available on the growth of Cr2O3 thin films, using 

different techniques 15-17, in-depth study of their magnetic properties is lacking. For device 

applications, a good understanding of the structure property correlation in thin films is 

required. With this aim, we prepared epitaxial thin films of Cr2O3 on r-sapphire substrates 

and studied their magnetic properties using a SQUID magnetometer. Here, we report on the 

epitaxial growth and magnetic properties of Cr2O3 thin films grown on single crystal r-

sapphire (011̅2) substrate by pulsed laser deposition. The as grown films are well 

characterized using high-resolution (HR) XRD (2θ, Φ), TEM and Raman spectroscopy. The 
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films are found to be epitaxial with good crystallinity, as evidenced from the XRD and TEM 

data. The in-plane SQUID measurements performed (5-400K) on the pristine samples 

revealed ferromagnetism with Curie temperature above 400K. After oxygen annealing, the 

FM is almost completely suppressed. The FM in the as deposited films is attributed to the 

strain present in the films as inferred from HR XRD and Raman measurements. The decrease 

of strain with oxygen annealing indicates that strain is due to point defects such as oxygen 

vacancies. This study to understanding the origin of FM in Cr2O3 thin films is useful to better 

design the spintronic devices.  

4.3 Experimental Details: 

The Cr2O3 thin films were grown on r-plane sapphire (Al2O3) substrates by ablating 

high purity Cr target in oxygen ambience using pulsed laser deposition (PLD). The substrates 

were vapor cleaned in trichloro-ethylene at 250oC and then ultrasonically cleaned by 

immersing in acetone and methanol each for 5 min. The PLD chamber utilized a KrF laser of 

248 nm wavelength and 25 ns pulse duration. The laser energy density was kept at 3.2 J/cm2 

with a repetition rate of 5 Hz and the target to substrate distance was maintained at 4 cm 

during the deposition. The base pressure of the chamber before deposition was less than 

1×10-6 Torr. The thin film deposition was performed at a substrate temperature of 650oC and 

5×10-2 Torr oxygen partial pressure. The cooling was carried under the same oxygen partial 

pressure at 10oC/min to room temperature. The phase structure of the films was determined 

by X-ray diffraction θ-2θ scans using Rigaku X-ray diffractometer with Cu Kα (0.154 nm) 

radiation. The in-plane orientation of the films was determined by Φ scans using Panalytical 

X’Pert PRO MRD HR X-Ray Diffraction System. The JEOL 2010F TEM was used for 

imaging and determination of thicknesses of thin film layers. Selected area electron 
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diffraction (SAED) was taken to further confirm the epitaxial nature and establish the 

epitaxial relationship between the film and the substrate. The in-plane magnetic properties 

were measured using a Super-conducting Quantum Interference Device (SQUID).  Raman 

spectra were taken using a Horiba Labram HR800 system using a 532 nm wavelength laser. 

4.4 Results and Discussion: 

Figure 4.1(a) shows the indexed θ-2θ X-ray diffraction pattern of a 230 nm thick 

Cr2O3 film grown on Al2O3(011̅2) substrate. The presence of only reflections corresponding 

to the (011̅2) plane of Cr2O3 and their higher orders indicate that the film was grown highly 

textured or epitaxial. It also eliminates the possibility of formation of other phases of 

chromium oxide within the detection limit of XRD measurements. The (011̅2) peak position 

of Cr2O3 film at 2θ = 24.352 (bulk value 24.494) indicates that the out-of-plane lattice 

constant is elongated compared to the bulk value with a tensile strain of 0.57 % along that 

axis. The rocking curve (ω-scan) taken on the (011̅2) plane shown in Figure 4.1(b) measures 

a full width at half maximum (FWHM) of 0.8o, indicating good crystallinity of the film. The 

XRD φ-scan measurements were performed to identify the epitaxial nature of the film and 

establish the epitaxial relationship between the film and substrate. Figure 4.2 shows the Φ-

scan excited on the (006) plane of the film and substrate, inclined at ψ = 57.61o from the 

(011̅2) plane. It should be noted that both Cr2O3 and Al2O3 crystallize in the corundum 

structure. The presence of a single peak at the same Φ-position as the substrate peak indicates 

that the r-plane of the film has grown epitaxially without any rotation in the basal plane.  The 

epitaxial relations are determined as [011̅2] Cr2O3 ‖ [011̅2] Al2O3 (out-of-plane) and 

[1̅1̅20]Cr2O3 ‖ [1̅1̅20]Al2O3 (in-plane). 
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Figure 4.1: XRD (a) θ-2θ scan, (b) ω scan of Cr2O3/Al2O3 heterostructure when Cr2O3 was grown at 

650oC substrate temperature and 5×10-2 Torr oxygen partial pressure. 

 

Figure 4.3(a) shows the indexed SAED pattern acquired along the [22̅01] zone axis of the 

Cr2O3/Al2O3 heterostructure. The spot pattern confirms that the film was grown epitaxially. 

The SAED pattern also excludes the formation of any other oxide phases of chromium. The 

epitaxial relations obtained from the data are in agreement with those obtained from the XRD 

Φ-scan data.  The inset of Figure 4.3(a) shows the low magnification cross sectional TEM 

image of the heterostructure. It can be seen from the HRTEM image in the Figure 4.3(b) that 

the interface between the film and the substrate is atomically clean, reaction free and so 

indicating that there is no secondary phase formation at the interface. 

The magnetic field dependent magnetization (M vs H) loops measured in the -10 kOe 

to +10 kOe range on a 230 nm thick film are plotted in Figure 4.4(a). To make sure that the 

magnetism is originating from the film instead of the substrate, we have performed 

measurements on the substrate and subtracted the diamagnetic contribution from the 

substrate. The film displayed typical ferromagnetic behavior in the measurement 
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temperatures ranging from 5K to 400K, as seen in Figure 4.4(a). Figure 4.4(b) shows the 

enlarged view of the same in the -300 Oe to +300 Oe range. The hysteresis loops show finite 

coercivity that has decreased from 173 Oe at 5K to 17 Oe at 400K.  The room temperature 

saturation magnetization (MS) and coercivity are 0.12 emu/g and 25 Oe, respectively. The 

magnetic moment observed here is very small compared to that reported in Cu doped ZnO 18 

and Co doped CeO2 
19. The variation of MS with the temperature is plotted in Figure 4.4(c). 

The MS is not a strong function of temperature in the measurement range of 5K to 400K, 

which implies that the FM in this case could be induced by defects. In Cr2O3, the spin axis is 

along the c-axis with the Cr+3 spins aligned parallel and antiparallel to the c-axis. 

 

Figure 4.2: The ϕ-scans of Cr2O3/Al2O3 heterostructure excited on the (006) plane of the film and 

substrate, which is inclined at 57.61o from (011̅2). 

 

It is shown, using first-principles calculations and magnetometry, that the surface of c-plane 

of Cr2O3 has electrically switchable magnetization with orientation perpendicular to the 
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plane. Based on the spin configuration, the r-plane should not exhibit any FM behavior. 

However, FM in otherwise AFM or non-magnetic materials has been well reported in the 

literature with reasons including strain and defects 20-22. 

 

Figure 4.3: (a) Indexed [22̅01] SAED pattern acquired across Cr2O3/Al2O3 thin film heterostructure. 

Inset: low magnification image of the same. (b) HRTEM image of the heterostructure showing clean 

and sharp interface. 

 

To investigate the origin of FM in our films, we have performed post oxygen annealing (OA) 

on the sample at 650oC for 1hr at 5 Torr partial pressure of O2. Figure 4.4(d) shows the effect 

of OA on the magnetic hysteresis loop measured at 300K. It can be seen from the graph that 

the magnetic moment (0.01 emu/g) almost vanishes with OA. The M vs T data collected 

from the sample before and after OA can be seen in Fig. S2. This data suggests that oxygen 

vacancies are the reason for the observed FM in our pristine films and, filling the vacancies 

reduces the FM order. In order to determine whether the crystal structure has changed after 

the OA, we performed XRD on the sample and found that it remained the same. The plot in 

Figure 4.5(a) shows the high-resolution 2θ-scan measured around the (012) peak of the 
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pristine and OA sample. It can be clearly seen that the peak position shifted towards higher 

2θ values (towards the bulk value of 24.494o) after OA. The pristine r-Cr2O3 film is found to 

have +0.57% strain in the out-of-plane direction, which is decreased to +0.31% after OA.  

The residual in-plane strain εxx (or) εyy calculated using the relation ε zz = -2υ*εxx/(1- υ ) is 

about -0.85 % for pristine and -0.46 % for oxygen annealed sample, using the poison’s ratio 

υ = 0.25. 

 

Figure 4.4: (a) Isothermal magnetic field dependent magnetization loops of 230 nm thick Cr2O3 film 

measured at 5K, 300K and 400K. (b) Enlarged view of the same. (c) Saturation magnetization 

variation with temperature. (d) M vs H loops measured at 300K for the pristine and oxygen annealed 

samples. The magnetic field is applied in the r-plane of Cr2O3. 

 

To further confirm that OA is decreasing the amount of strain present in the films, we have 

measured Raman spectra at room temperature on the pristine and OA samples. The Raman 
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vibrations are very sensitive to the amount of stress present in the films thus giving the 

Raman shift, which is a direct evidence for the presence of strain in the films. For Cr2O3, the 

vibrations with symmetry A1g and Eg are Raman active. Out of the seven active modes 

(2Alg+5Eg), one A1g and four Eg are usually observed.  The most intense peak corresponds to 

Alg mode (out-of-plane vibration) and can be used for strain estimation 23, 24. It is evident 

from the graphs in Figure 4.5(b) that, with the OA, the Alg mode for the pristine sample at 

561.6 cm-1 is shifted to 558.6 cm-1 approaching bulk value of 552 cm-1.  The change in the 

peak position of Alg can be written as Δω = ωstressed- ωbulk. The strain is tensile when Δω is 

negative and compressive when Δω is positive. We found a Δω of -9.6 cm-1 for the pristine 

and -6.6 cm-1 for the OA sample, indicating that the strain is tensile and also decreased with 

the OA. Thus the results from Raman measurements are in good qualitative agreement with 

those obtained from XRD. From these results we can conclude that FM is induced by the 

strain due to defects such as oxygen vacancies. 

 

Figure 4.5: (a) Raman spectra collected on the pristine and oxygen annealed sample. Inset: Enlarged 

view of A1g peak. (b) High resolution XRD 2θ scan acquired on the (012) peak of pristine and oxygen 

annealed sample. 
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Defects play a critical role in controlling the physical properties of the material. For instance, 

defect induced FM in otherwise nonmagnetic and un-doped oxides like TiO2, ZnO and SnO2, 

is widely reported in the literature often attributed to point defects such as oxygen vacancies, 

cation vacancies and cation interstitials 25-28. In ZnO, it is shown that room temperature 

ferromagnetism (RTFM) can be created by a controlled introduction of Zn vacancies, where 

magnetic coupling is provided by carriers from oxygen vacancy and Zn interstitial clusters 29. 

In PLD grown HfO2 films, highly anisotropic FM was induced by defects 22. A review of FM 

in various oxide systems is made recently 30. Since defect generation is controlled by strain, 

strain engineering can be used to tune magnetic properties in thin films. Strain induced FM 

and Néel temperature change in AFMs has been demonstrated theoretically and 

experimentally in previous studies 31-33.  

Strain induced FM in many systems in the form of thin films and nanoparticles, is 

well reported in the literature. A tensile uniaxial strain of the order of 2%, in AFM thin films 

of LaMnO3, is found to change the orbital state and magnetic ground state significantly 31. 

The epitaxial growth of Cr2O3 on sapphire occurs via lattice matching epitaxy with a misfit 

strain of -4%.  In thin films there are three different sources of strain; lattice, thermal 

mismatch and defect induced. In our case, when the thickness of the film is about 230 nm, 

most of the lattice misfit strain relaxes through the generation of dislocations and the 

contribution of thermal mismatch is very small. The residual strain in our pristine sample, 

which is experimentally observed to be +0.57%, could be mostly due to defects such as 

oxygen vacancies and related point defects. Under near equilibrium growth conditions, Cr2O3 

has no specific type of point defects, whereas oxygen partial pressure determines the type of 

defects. When Cr2O3 is grown under a partial pressure of 5x10-2 Torr O2, we expect some 
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oxygen deficiency in the films and thus defect induced strain. When the sample is annealed 

in oxygen ambient, most of the oxygen vacancies are diffused out and thus reducing the 

amount of strain in the film. It is well known that antiferromagnets are piezo magnetics and 

strain induces magnetic moment. Recently it is found from theoretical studies that the two 

unpaired electrons due to oxygen vacancy are localized on the surrounding Cr atoms and 

hence enhancing the magnetic moment of the Cr atoms surrounding the oxygen vacancy 34. 

We speculate that in addition to the increased magnetic moment of the Cr atoms surrounding 

the oxygen vacancy, the local compressive strain is inducing a canting of the magnetic 

moments away from the c-axis towards the r-plane and hence resulting in RTFM in the r-

plane of Cr2O3. It should be noted that the angle between the r-axis and the c-axis in bulk 

Cr2O3 crystal is 57.61o and r-axis is perpendicular to r-plane.  To get a clear understanding of 

the origin of RTFM in r-plane Cr2O3, more advanced experimental and theoretical studies are 

required.    

4.5 Conclusions: 

We have investigated RTFM in epitaxially grown Cr2O3 thin films on r-sapphire by 

using PLD. The XRD (2θ and Φ) and TEM data confirm that the films are grown epitaxially 

with the underlying sapphire substrate. Further TEM study indicated that there is no 

secondary phase formation in the film and also the interface between the substrate and film is 

clean and sharp. The epitaxial relations between the substrate and film were established as 

[011̅2] Cr2O3 ‖ [011̅2] Al2O3 (out-of-plane) and [1̅1̅20]Cr2O3 ‖ [1̅1̅20]Al2O3 (in-plane). The 

as deposited films exhibited ferromagnetic nature with Curie temperature above 400K. The 

room temperature coercivity and saturation magnetization are 25 Oe and 0.12 emu/g, 

respectively. The ferromagnetic nature almost vanished after oxygen annealing. The high 
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resolution XRD and Raman measurements indicate that the pristine films are strained, and 

the strain was reduced by oxygen annealing. The FM nature in the pristine films is attributed 

to strain induced defects such as oxygen vacancies.  
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Chapter 5 Growth, magnetic and magnetotransport properties 

of bi-epitaxial La0.7Sr0.3MnO3(110) thin films integrated on 

Si(001) 

5.1 Abstract:  

We report the growth of bi-epitaxial La0.7Sr0.3MnO3 (110) thin films integrated on Si 

(100) substrate with cubic yttria stabilized zirconia (c-YSZ)/SrTiO3 (STO) buffer layers by 

pulsed laser deposition. The La0.7Sr0.3MnO3 and STO thin films were grown with a single 

[110] out-of-plane orientation and with two in-plane domain variants, which is confirmed by 

XRD and TEM study. The bi-epitaxial growth of STO on c-YSZ can be explained by the 

paradigm of domain matching epitaxy. The epitaxial relationship between STO and c-YSZ 

can be written as [110] (001) c-YSZ ‖ [1̅11̅] (110) STO (or) [110] (001) c-YSZ ‖ [1̅12̅] (110) 

STO. The La0.7Sr0.3MnO3 thin films are ferromagnetic with Curie temperature 324K and 

showed metal to insulator transition at 285K.  The La0.7Sr0.3MnO3 thin films showed 

hysteresis loops in magnetoresistance when magnetic field is applied in both in-plane (110) 

and out-of-plane [110] directions.  The highest magnetoresistance obtained in this study is -

32% at 50K and 50 kOe for in-plane configuration whereas the room temperature 

magnetoresistance is -4% at 10 kOe and -17% at 50 kOe. The hysteresis in the 

magnetoresistance and the controlled domain boundaries in bi-epitaxial La0.7Sr0.3MnO3 films 

integrated on Si can offer significant advantages over the polycrystalline counterparts. 
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5.2 Introduction:  

The doped manganese perovskites of the type La1-xSrxMnO3 have attracted great deal 

of attention due to their rich physics and fascinating magnetoresistance (MR) properties [1-3]. 

They are potential candidates to be used in the emerging technological applications such as 

magnetic read heads, magnetic resistance memory and other novel spintronic devices. In 

particular, the La0.7Sr0.3MnO3 (LSMO) is a hole doped half metal with a Curie temperature 

(TC ~ 360K) above room temperature. In LSMO and other manganites, huge MR, called 

colossal magnetoresistance (CMR) is observed close to TC but at very high magnetic fields [4-

6].  For device applications, the MR should be achieved at low fields and at or above room 

temperature. Following the observation of extrinsic low field magnetoresistance (LFMR) in 

polycrystalline bulk materials [7, 8] and thin films [9-11], which possess natural grain 

boundaries, efforts are made to improve LFMR by introducing artificial grain boundaries. 

Nanocomposite films of LSMO with secondary phases such as ZnO [12-14], BaTiO3 
[15], and 

NiO [16] have been investigated for this purpose. We have introduced bi-epitaxial films (or) 

epitaxial films with domain boundaries in this study to achieve LFMR in a controlled way. 

Compared to the grain boundaries in polycrystalline and nanocomposite thin films, the 

domain boundaries in these films are well characterized having a fixed orientation 

relationship between the domains. Since boundaries play a significant role in controlling the 

transport properties, understanding their effect on transport properties can be useful to better 

design the devices for practical applications. The intrinsic CMR effect in manganite epitaxial 

films is explained by a theory which combines the John-Teller effect and double exchange 

mechanism [3, 17, 18]. In contrast, the extrinsic LFMR in polycrystalline and nano composite 

thin films is explained by spin-polarized tunneling [7, 19] or spin-dependent scattering at the 
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grain boundaries [10, 20]. Though, Ramesh group has reported the effect of in-plane domains 

on the MR [21], the LSMO in their case was integrated on MgO substrate and also detailed 

magneto-transport properties study in such films is lacking.  

On the other hand, integration of perovskite STO thin films with Si substrate is of 

technological importance for fabricating multifunctional devices on Si (100), the preferred 

substrate for microelectronic industry. By using molecular beam epitaxy, researchers 

succeeded in growing STO (100) directly on Si (100) [22-25]. PLD has been demonstrated to 

be effective for a controlled growth of STO (110) directly on Si (100) [26, 27]. But in most of 

these cases, an intermediate layer forms which was crucial for the subsequent formation of 

the STO film [24, 25, 26]. The chemical and thermal stability and their influence on physical 

properties have to be considered for device applications. On the other hand, more stable and 

insulating buffer layers like ceria doped zirconia [28] and CeO2/c-YSZ [29] were also used to 

grow epitaxial STO (110) films.  In this study, the primary focus is on the details of bi-

epitaxial growth and the role of domain boundaries on the magnetotransport properties. First 

we analyze the bi-epitaxial integration of LSMO (110) thin films on Si (100) using c-

YSZ/STO buffer layers and study the atomic structure of the c-YSZ/STO interface. Second, 

we perform detailed study of the effect of domain boundaries in LSMO thin films on the 

electrical, magnetic and magnetotransport properties.   

We have integrated STO (110) bi-epitaxial films with Si (100) substrate using c-YSZ 

buffer. The growth of STO on c-YSZ takes place with two in-plane domain variants and can 

be explained by the paradigm of domain matching epitaxy (DME), where integral multiples 

of lattice planes match across the film-substrate interface to accommodate the misfit under a 

large misfit conditions 10%. Here the critical thickness is less than a monolayer and misfit 



 

 
                                                                                                                                   70 

strain can be relaxed from the beginning so that the rest of the film can grow defect-free, 

except the thermal strain. The LSMO (110) films deposited on STO/c-YSZ/Si are 

ferromagnetic with TC ~ 324K and exhibit metal to insulator transition at 285K.  The easy 

axis of the magnetization lies in the LSMO (110) plane whereas the hard axis is along the 

out-of-plane [110] direction. The LSMO films showed hysteresis loops in MR measurements 

under applied field in both in-plane and out-of-plane directions. The temperature dependent 

MR showed a peak in low temperature region followed by a monotonic decrease up to 350K. 

The highest MR obtained in this study is -32% at 50K and 50 kOe for magnetic field parallel 

to the film plane whereas the room temperature MR is -4% at 10 kOe and -17% at 50 kOe. 

The hysteresis in MR and the controlled domain boundaries in bi-epitaxial La0.7Sr0.3MnO3 

films can offer significant advantages over the polycrystalline counterparts, where 

microstructure control presents a serious challenge in terms of reliability of solid state 

devices. 

5.3 Experimental Details: 

The LSMO/STO/c-YSZ/Si (001) heterostructure was grown in a multi target PLD 

chamber that utilized KrF laser of 248 nm wavelength and 25 ns pulse duration. The target to 

substrate distance was maintained at 4 cm during the deposition and the base pressure of the 

chamber before the deposition was less than 1×10-6 Torr. The laser energy density was 2.8 

J/cm2 for c-YSZ and 3.0 J/cm2 for STO and LSMO whereas the repetition rate was 5 Hz for 

all the layers. The substrate was vapor cleaned in trichloro-ethylene at 200oC and then 

ultrasonically cleaned by immersing in acetone and methanol each for 5 min. Initially after 

heating the substrate to 675oC, the c-YSZ layer was deposited with 500 pulses under 1×10-5 

Torr vacuum and the rest under 8.5×10-4 Torr O2, and then oxygen partial pressure was 
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adjusted to 1×10-2 Torr for the deposition of STO. After that the substrate was taken to 700oC 

and LSMO was deposited at 3×10-1 Torr oxygen partial pressure. Once the deposition was 

completed, the sample was cooled down to room temperature at 10oC/min under 5 Torr 

oxygen partial pressure. The phase structure of the films was determined by X-ray diffraction 

θ-2θ scans using Rigaku X-ray diffractometer with Cu Kα (0.154 nm) radiation. The JEOL 

2010F TEM was used for imaging and to obtain selected area electron diffraction (SAED) 

patterns. The aberration corrected STEM–FEI Titan 80-300 was used for high-angle annular 

dark field (HAADF) imaging of the heterostructure. The cross-sectional TEM specimen was 

wedge polished until 1 μm thickness and then ion milled to electron transparency. The 

magnetic measurements were done using Quantum design Super-conducting Quantum 

Interference Device (SQUID).  Magneto-transport measurements were performed on 5 mm × 

5 mm LSMO thin films in Quantum Design, EverCool-II PPMS. Four indium dots were 

mechanically pressed on the corners of the sample to perform four probe resistance 

measurements in van der Pauw configuration. The sample with pressed indium dots was 

mounted on a custom built rotatable pogo-pin setup in the PPMS. All the measurements were 

performed in AC delta mode with model 6000 PPMS controller to measure 

magnetoresistance accurately without any error in the measurements. 

 5.4 Results and Discussion:  

The XRD 2θ scan acquired on the LSMO/STO/c-YSZ/Si heterostructure is shown in 

Figure 5.1. The growth of STO thin film on c-YSZ (002) took place with (110) out of plane 

orientation at the deposited substrate temperature of 670oC. Since the LSMO (3.876 Å) is 

lattice matched with STO (3.905 Å), it resulted in the same orientation as STO. The STO 

(110) has a peak position at 32.364o, which corresponds to a lattice constant of 3.911 Å. 
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Compared to the bulk lattice constant, the STO film is tensile strained about +0.1% along the 

out-of-plane direction. The details of the STO growth and strain analysis will be discussed 

later. The LSMO film is -1.7 % compressively strained along the [110] out-of-plane direction 

as measured from the XRD 2θ scan. All of the films exhibit a single out-of-plane orientation, 

inferring that as grown films are either highly textured or epitaxial in nature. In order to 

determine the crystalline and epitaxial characteristics, and the interface microstructure of the 

films, we have performed detailed cross-sectional transmission electron microscopy study of 

the heterostructure. 

 

Figure 5.1: XRD 2θ scan of LSMO/STO/YSZ heterostructure grown on Si (001) substrate. 

 

Figure 5.2(a) shows the low magnification image of the heterostructure, where columnar 

grains of STO and the extension of grain boundaries into LSMO film are visible. The growth 

rates of STO and LSMO are 0.95 Å and 1 Å per laser pulse at the chosen oxygen partial 
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pressure and substrate temperature. The epitaxial nature of the films is confirmed from the 

selected area electron diffraction (SAED) pattern acquired from the cross-section sample. 

The growth of c-YSZ on Si occurs with cube-on-cube, which can be explained in the 

paradigm of domain matching epitaxy [30]. Further details of the c-YSZ thin film epitaxy can 

be found elsewhere [31]. Figure 5.2(b) shows the indexed SAED pattern acquired at the c-

YSZ/STO interface. It is found that there are two different in-plane domain variants of STO 

on c-YSZ with a single out-of-plane orientation and they are related by an in-plane rotation 

of 27.37o in the (110) plane. The epitaxial relationship between c-YSZ and STO can be 

written as [110] (001) c-YSZ ‖ [1̅11̅] (110) STO (or) [110] (001) c-YSZ ‖ [1̅12̅] (110) STO. 

The LSMO film on STO grows pseudo-cubic and has two in-plane domain variants with the 

same single out-of-plane orientation as STO. The epitaxial relationship between STO and 

LSMO can be written as [1̅11̅] (110) STO ‖ [1̅11̅] (110) LSMO (or) [1̅12̅](110) STO ‖ 

[1̅12̅](110) LSMO.  The lattice constants of STO and LSMO measured from SAED patterns 

are in agreement with those obtained from the XRD. 
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Figure 5.2: TEM study of the Si/YSZ/STO/LSMO heterostructure showing (a) low magnification 

image, (b) SAED pattern near the YSZ/STO interface taken along [110] zone axis of YSZ. 

 

The bi-epitaxial (or) two domain growth of STO is evident from the images shown in Figure 

5.3. The high angle annular dark field (HAADF) STEM-Z image acquired at the c-YSZ/STO 

interface along the [1̅11̅] zone of STO is shown in Figure 5.3(a). Figure 5.3(b) shows the 

high resolution TEM image acquired at the c-YSZ/STO interface along the [1̅12̅] zone of 

STO. In both cases, we did not observe any secondary phase formation or reaction at the 

interface. The growth of STO on c-YSZ can be explained by the DME paradigm. Since the 

critical thickness will be less than a monolayer above which dislocations are formed, most of 

the strain will be located at the interface and the rest of the film grows defect-free. For the 

domain one shown in Figure 3(a), the two times the planar spacing of (11̅2) planes of STO 

(3.188 Å) matches with that of (110) planes of YSZ (3.634 Å) with a misfit strain of -12.2 %.  

According to DME, this leads to the 7/8 and 8/9 matching of the planes and hence results in a 

misfit strain (in-plane) < 1 %. From Figure 5.3(a), we clearly see the alignment of 8 planes of 
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YSZ with 9 planes of STO and also the presence of edge dislocations at the interface. As 

shown in Figure 5.3(b), two times the planar spacing of (1̅11̅) planes of STO (4.5094 Å) 

matches with that of (110) planes of YSZ (3.634 Å) with a misfit strain of 24.08 %. 

According to DME, this leads to the 4/3 and 5/4 matching of the planes and hence results in a 

misfit strain < 1 %. The STO film with 0.1% strain as measured from the XRD and SAED, 

also corroborates with DME paradigm. This residual strain could be due to thermal mismatch 

and/or defect induced and can be reduced further by slowly cooling the sample down to room 

temperature under O2 pressure close to atmosphere pressure. In contrast, the LSMO film of 

thickness 250 nm is found to have -1.7% strain in the out-of-plane direction, which is a 

cumulative of lattice, thermal mismatch and defect induced. Thus, smaller misfit is harder to 

relax and is retained within the film. The lattice matched growth of LSMO on STO can be 

seen from the images in Figure 5.4. 
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Figure 5.3: (a) HAADF STEM-Z image acquired at the YSZ/STO interface along the [110] zone of 

YSZ (or) [111] zone of STO and (b) High resolution TEM image of the YSZ/STO interface along 

[110] zone of YSZ (or) [1̅12̅] zone of STO. We can see the domain matching of the planes across the 

interface indicated by dotted lines. 

 

The temperature dependent resistivity (in zero field) of the LSMO film is plotted in Figure 

5.5. The resistivity (10-20 mΩ.cm) is comparable to epitaxial films [21, 32] and very less than 

that of polycrystalline films [19, 21]. The in-plane domain boundaries do not seem to have a 

much effect on the resistivity of the film but they reduce the metal to insulator transition 

temperature TMI.  The TMI in the present case is 285K which is ~40K less than the TC (324K) 

determined from the magnetization measurements. The TMI values > 300K are obtained in 

good quality epitaxial films grown on buffered STO films [33-35], on STO [36, 32] and LaAl2O3 

[32, 37, 38] single crystals. Much reduced TMI values were observed in polycrystalline films 

directly grown on Si [39, 40]. The value of TMI in the present case is in between those of 

polycrystalline and epitaxial films. 
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Figure 5.4: (a) HAADF STEM-Z image acquired at the STO/LSMO interface [111] zone of STO and 

(b) High resolution TEM image of the STO/LSMO interface along [1̅12̅] zone of STO. We can see 

the growth of LSMO on STO via lattice matching epitaxy. 

 

Both temperature- and field-dependent magnetization data of the LSMO thin film are 

presented in Figure 5.6 (a-d). Plotted in the upper panel are the isothermal field-dependent 

magnetization (M-H) plots measured in magnetic fields up to ±10 kOe applied along (a) in-

plane and (b) out-of-plane to the films at 10, 200 and 300 K. The in-plane magnetization (a) 

begins to saturate from about 1000 Oe and reaches saturation state by 10 kOe. The saturation 

magnetization (MS) increases by nearly threefold from ~120 emu/cc at 300K to ~330 emu/cc 

at 10K. The out of plane magnetization (b) showed ‘S’ shaped curves, which did not saturate 

even up to 10 kOe for all the temperatures. From here onwards, the in-plane and out-of-plane 

will be denoted as H∥ and H⊥ configurations, respectively. 
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Figure 5.5: Resistivity versus temperature measurement of LSMO thin film acquired from 4K to 

300K in the absence of magnetic field. 

The insets of the top panel are the enlarged M-H hysteresis loops showing the coercivities 

varying from 23 Oe at 300K to about 300 Oe at 10K for H∥ and 33 Oe at 300K to 327 Oe at 

10K for H⊥configurations. It is evident from the M-H data that the easy axis of magnetization 

lies in the (110) plane and hard axis is along the [110] out-of-plane direction.  This is in 

agreement with the reported literature, where it was found that in epitaxial films, tensile in-

plane strain induces an in-plane easy axis and compressive in-plane strain induces an out-of-

plane easy axis [41, 32]. The temperature dependence of the magnetization (M-T) is plotted in 

the lower panel of Figure 5.6, for (c) H∥ and (b) H⊥orientations. From the M-T plots we say 

that the LSMO sample undergoes the magnetic phase transition from a ferromagnetic phase 

at low temperatures to a paramagnetic phase well above room temperature with the Curie 

temperature, TC ≈ 324K (determined from the peak in dM/dT versus T plot). 
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Figure 5.6: Magnetic field dependent magnetization data of the LSMO (110) thin film with field 

applied (a) in-plane denoted as H∥ (b) out-of-plane denoted as H⊥. Temperature dependent 

magnetization data of the LSMO thin film with field applied (c) in-plane denoted as H∥ (d) out-of-

plane denoted as H⊥. The insets of (a) and (b) shows the enlarged view of the same showing 

coercivities. 
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Figure 5.7: Magnetic field dependent magnetization and magnetoresistance of LSMO (110) thin film 

measured at 10K with field applied (a) in-plane denoted as H∥ (b) out-of-plane denoted as H⊥. 

 

After the magnetization measurements, we have performed detailed magnetotransport 

measurements on LSMO thin films. Conventionally, MR is defined as the ratio of the 

difference in resistance values in the presence of an applied magnetic field to that in zero-

field and often expressed as a percentage value given as  

 𝑀𝑅 = (
ρ(H)−ρ(0)

ρ(0)
) × 100  ………………………………………………… (5.1) 

Where, ρ(H) and ρ(0) are the resistivities in the presence of finite and zero-magnetic fields, 

respectively. In general, in case of manganites, the resistance decreases in the presence of a 

magnetic field and hence the difference [ρ(H) − ρ(0)] is negative. We have measured MR 

for both H∥ and H⊥ configurations. 
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Figure 5.8: The magnetoresistance variation with magnetic field up to 1 kOe measured at 10K in H∥ 

configuration. The solid line represent the fit to the data using the equation MR = a1 + a2H + a3H2.   

 

Figure 5.7 shows the MR and M-H hysteresis loops measured at 10K for H∥ and H⊥ 

configurations for the LSMO thin film. One of the most striking features of this current 

investigation is the observation of hysteresis in magnetoresistance data during the magnetic 

field sweeps. In the literature, very few groups [10, 21, 42] reported the observation of hysteresis 

loops in MR and most of them are on polycrystalline films. The shape of the MR curves is 

more like a butterfly-type in case of H⊥ configuration at the measured temperatures of 5, 10, 

25, 50, 100, and 200K. While the isothermal MR in H∥ showed a cusp-like variation, the MR 

in H⊥ reveals a smudged or rounded off nature. The observed MR, as defined in the equation 

(1), in our films is predominantly negative after some initial upturn with positive MR at low 

fields. Also, there is considerable hysteresis present in both H∥ as well as in H⊥ 

measurements. The field at which crossover from positive to negative MR occurs, is nearly 

matches with the coercive field for  H∥ and with the field where pinching of M-H occurs 
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for H⊥. One important aspect which was not discussed in the literature is that up to what 

temperature the hysteresis in MR is present. We found that hysteresis in MR is present below 

the temperature TMI when LSMO is in ferromagnetic metal phase and above that we still see 

MR but no loop.  

The films in the present study showed LFMR with the values better than epitaxial 

counter parts [21, 36] and comparable to LSMO:ZnO nanocomposite film on STO [36]. The 

LFMR at 50K and 10 kOe is about -16% for H∥ and -10% for H⊥ orientations. In order to 

understand the mechanism behind the LFMR, we have analyzed the data and fitted (shown in 

Figure 5.8) one of the positive branches of LFMR of the H∥ orientation to the following 

equation.  

MR = a1 + a2H + a3H2 ..….……………………………………………..  (5.2) 

The above data fits very well (goodness parameter R2 = 0.9931) to equation (5.2). The 

dominant contribution comes from the quadratic term, implying that the low field 

magnetoresistance data varies predominantly as ~ H2. Since for a pure ferromagnetic phase 

the MR varies as H2 [43], our LFMR data suggests that LSMO is in ferromagnetic phase at 

low temperatures. Since both spin dependent scattering and spin polarized tunneling across 

the grain boundaries have the same field dependence (M2), the mechanism for LFMR is 

either of these. 
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Figure 5.9: Isothermal magnetic field dependent magnetoresistance in the field range 0 - 50 kOe for 

(a) in-plane denoted as H∥ (d) out-of-plane denoted as H⊥. 

 

The isothermal MR curves measured as a function of applied magnetic field up to ± 50 kOe 

are plotted in Figure 5.9. In order to gain a quantitative understanding of the nature and the 

shape of the MR curves, the MR data has been analyzed in the light of scaling theory [44]. For 

magnetic systems, especially in case of LSMO, involving several magnetic phases at 

different temperatures, such as ferromagnetic, antiferromagnetic, mixed phase or spin-glass 

type, scaling theory predicts different functional forms for the LFMR as well as normal or 

high field MR [45]. We have fitted the magnetic field dependence of MR data for the 

temperatures, 5, 10, 25, 50, 100, 200, 300, 325 and 350K to the equation (3) below,  

MR = -α(T)Hn ……………………………………………………… (5.3) 

Where, α and the exponent n assume different values for different magnetic phases which in 

turn vary as a function of temperature. 
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Figure 5.10: The magnetic field dependent magnetoresistance variation in the field range 4 - 50 kOe 

at 10K for (a) H∥ and (b) H⊥ configurations. The solid lines represent the typical fit to the data using 

equation MR=-α(T)Hn.  

 

Table 5.1 summarizes all the important fit parameters n, α and R2 for the best fits of the data 

using equation (3) at different temperatures, for both H∥ and H⊥ configurations in the field 

range 2 - 50 kOe. In Figure 5.10 (a and b) we present the representative best fits to the data 

using equation (3) for both H∥ (a) and H⊥ (b)  MR data measured at 10 K in the field range 4-

50 kOe. It is evident that the data fits are excellent with R2 values, 0.99942 for H∥ and 

0.99978 for H⊥, which are very close to unity. The exponent, n values extracted from the fits 

are 0.52 and 0.53 for H∥ and H⊥ measurements, respectively, signifies the long range FM 

order at low temperatures. 
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Figure 5.11: The temperature dependent magnetoresistance measured at 10 and 50 kOe for both H∥ 

and H⊥ configurations.   

 

The ferromagnetic phase observed at low temperatures in LSMO gradually changes to that of 

paramagnetic above room temperatures with a possible coexistence of several other types of 

magnetic orderings. The different magnetic phase signatures are reflected in MR data and can 

be captured by fitting the MR data at higher temperatures. A close look at the exponent in 

Table 5.1 for both orientations illustrates that, the exponent n varies from about 0.5 at low 

temperatures to 0.9 at 300K via 0.75 and 0.67 at intermediate temperatures. The temperature 

dependence of the MR at 10 kOe and 50 kOe for both configurations is plotted in Figure 

5.11. At a given temperature and field the MR is higher in H∥ configuration. It is known from 

the previous works that in transition metal doped lanthanum manganites MR peaks near TC 

for good quality single crystals and epitaxial films [4-6, 10] whereas it shows a monotonic 

decrease with increase in temperature for polycrystalline films [40, 42]. 
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Table 5.1 Various fit parameters n, α and the goodness parameter, R2 for the best fits of the data using 

the equation MR = -α(T)Hn for both (in-plane, H∥) and (out-of-plane, H⊥) configurations at various 

temperatures in the field range 2-50 kOe. 

 

T(K) n α R2 

‖ ┴ ‖ ┴ ‖ ┴ 

5 0.42 0.44 0.25 0.18 0.99973 0.99996 

10 0.52 0.53 0.09 0.07 0.99942 0.99978 

25 0.48 0.52 0.14 0.08 0.99988 0.99993 

50 0.51 0.53 0.10 0.08 0.99945 0.99993 

100 0.64 0.68 0.03 0.01 0.99996 0.99992 

200 - 0.76 - 0.01 - 0.99991 

300 0.91 0.87 0.001 0.001 0.99988 0.99985 

325 0.95 - 0.00059 - 0.99985 - 

350 0.99 - 0.00039 - 0.99989 - 
 

Here we found a peak in MR at low temperatures after which there is a monotonic decrease 

in MR with increase in temperature up to 350K. This peak temperature in MR is dependent 

on the applied field and also the measurement configuration. We speculate that this peak 

temperature might be related to the semiconductor to metal transition (or) valley temperature 

observed in the resistivity versus temperature curve. The highest MR obtained in this study is 

-32% at 50K and 50 kOe for H∥ configuration whereas the room temperature MR is -4% at 

10 kOe and -17% at 50 kOe.  

5.5 Conclusions:  

We have successfully integrated bi-epitaxial La0.7Sr0.3MnO3 (110) thin films on Si (001) 

substrate with c-YSZ/STO buffer layers by pulsed laser deposition. The La0.7Sr0.3MnO3 and 
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STO thin films were grown with a single [110] out-of-plane orientation but with two in-plane 

domain variants, which is confirmed by detailed XRD and TEM studies. The bi-epitaxial 

growth of STO on c-YSZ involves larger misfit (> 10%) and can be explained by the 

paradigm of domain matching epitaxy. The epitaxial relationship between STO and c-YSZ 

can be written as [110] (001) c-YSZ ‖ [1̅11̅] (110) STO (or) [110] (001) c-YSZ ‖ [1̅12̅] (110) 

STO. The La0.7Sr0.3MnO3 thin films are ferromagnetic with Curie temperature 324K and 

showed metal to insulator transition at 285K.  The resistivity of the La0.7Sr0.3MnO3 films is of 

the order of 10-20 mΩ cm, which is comparable to that of epitaxial thin films. The easy axis 

of the La0.7Sr0.3MnO3 thin films is in the (110) plane whereas the hard axis is along [110] 

out-of-plane. The La0.7Sr0.3MnO3 thin films showed unique hysteresis loops in 

magnetoresistance when low magnetic field is applied in both in-plane and out-of-plane 

directions. The in-plane MR showed cusp-like variation whereas out-of-plane MR reveals a 

smudged or rounded off nature. The highest MR obtained in this study is -32% at 50K and 50 

kOe for H∥ configuration whereas the room temperature MR is -4% at 10 kOe and -17% at 

50 kOe. The temperature dependent MR showed a peak in low temperature region followed 

by a monotonic decrease up to 350K. The hysteresis in MR and the controlled domain 

boundaries in case of bi-epitaxial La0.7Sr0.3MnO3 films integrated on Si (001) can offer 

considerable advantages over the polycrystalline counterparts in terms of improved 

functionality and reliability.  
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Chapter 6 Interface magnetism in epitaxial La0.7Sr0.3MnO3-δ 

/Cr2O3 heterostructures integrated on Si (100) 

 

6.1 Abstract:  

Cr2O3 is a magnetoelectric and antiferromagnetic insulating material below its Néel 

temperature 307K. The ferromagnetic metallic La0.7Sr0.3MnO3-δ (LSMO) has a Curie 

temperature of ~350-370K. Study of interface magnetic properties of LSMO/Cr2O3 is of 

scientific and technological interest, particularly, when it is integrated with CMOS-

compatible silicon substrates. In this paper, we show the epitaxial growth of LSMO/Cr2O3 

heterostructures on c-YSZ-buffered Si (001) using pulsed laser deposition. The X-ray 

diffraction (2Ɵ and Φ) and TEM characterizations confirm that the films were grown 

epitaxially. The epitaxial relations can be written as [001]Si ‖ [001]c-YSZ ‖ [0001]Cr2O3 ‖ 

[111] LSMO and [100]Si ‖ [100]YSZ ‖ [101̅0]Cr2O3 or [112̅0] Cr2O3 ‖ [101̅] LSMO. We 

have carried out a comprehensive study on this heterostructure as a function of LSMO 

thickness (66,264,528 nm).  Interestingly, as the LSMO thickness increases from 66 to 528 

nm, while keeping the Cr2O3 thickness constant at 55 nm, the magnetic moment of the 

heterostructure increases by more than 2-fold and the magnetic nature has changed from 

ferromagnetic to super paramagnetic. In addition, LSMO/Cr2O3 showed in-plane exchange 

bias with a maximum exchange bias filed of 87Oe. From our experimental data, we believe 

the change in the magnetic anisotropy as a function of LSMO layer thickness could cause the 

change in magnetic moment and magnetic nature. The magnetic phase separation in oxygen 
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deficient LSMO layer could lead to in-plane exchange bias as Cr2O3 is not expected to show 

in-plane exchange. 

6.2 Introduction:  

Magnetoelectrics/multiferroic materials combine the unique combinations of electric 

and magnetic properties that simultaneously coexist 123. These materials are viewed as 

potential building blocks in future data storage because their magnetism can be controlled by 

an electric field rather than an electric current, due to the reduction in power consumption. 

Hence, these materials have been under intense research investigation for potential 

applications in low power and non-volatile applications in the recent past. To realize the 

potential applications, researchers exploited the coupling among the ferroic order parameters 

such as electric-field switching of magnetization and vice versa. Single phase multiferroic 

materials show weak magnetoelectric coupling, not sufficient for potential applications. 

Several ferroelectric and ferromagnetic materials combinations such as BiFeO3/Permalloy, 

BiFeO3/CoFe, BaTiO3/ La0.7Sr0.3MnO3 have been chosen and studied for their multiferroic 

characteristics 4 5 6. The above artificial two-phase multiferroic materials have limitations due 

to their low temperature operation. The switching of global magnetization has not been 

achieved in their bulk macroscopic magnetic hysteresis loops. At that point, the search for 

better multiferroic materials has begun. 

Along that direction, it was realized that Cr2O3 may be the material of choice to 

address the above issues as it was the first material to observe magnetoelectric effect 7 8. 

Cr2O3 is revived as a candidate for reversible electric control of magnetism at room 

temperature 9 10. Cr2O3 is magnetoelectric insulting antiferromagnetic oxide material. 
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Recently 11,12, the electrically controlled exchange bias and magnetization has been achieved 

at room temperature in Cr2O3 single crystals when it is interfaced with ferromagnetic Co/Pd, 

grown by molecular beam epitaxy. Following this breakthrough, the electric field control of 

magnetic anisotropy has been achieved 13 14 in epitaxial Cr2O3 clusters, in which the authors 

have reported magnetoelectric coupling of more than three orders of magnitude higher than 

bulk. 

La0.7Sr0.3MnO3 (LSMO) is a highly spin polarized metallic ferromagnetic material 15. 

These two materials exhibit these properties at operational temperatures. When these two 

thin film materials conjoined, they are expected to show novel properties such as superior 

magnetoelectric coupling and tunneling electro resistance due to their dissimilar magnetic 

and conducting nature, and, probably useful in interesting device applications such as non-

volatile magnetic memories. To our knowledge, little or no work has been done in this 

direction 16. Of particular interest, if they can be epitaxially integrated with CMOS 

compatible Si (100) substrates for applications in microelectronics. To date, there has been 

no in-detailed work reported on this heterostructure in integrating with Si (100) substrate and 

investigating the resulting magnetic properties, which forms the chief goal of the present 

work. 

In our previous works 17 18, we have epitaxially integrated Cr2O3 layer with c-YSZ 

buffered Si(001) substrate and Al2O3(01-12) substrate. These films were found to exhibit 

ferromagnetic-like behavior up to 400K and reported to strongly reduce upon oxygen 

annealing. The oxygen annealed samples show bulk-like behavior. In the present work, we 

have used such bulk-like Cr2O3/c-YSZ buffered Si(001) substrates to deposit oxygen 

deficient epitaxial LSMO layers and study the magnetic properties as a function of LSMO 
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layer thickness by keeping the Cr2O3 layer thickness constant at 55nm. The oxygen 

deficiency was resulted due to the usage of low oxygen partial pressure of 1×10-2 Torr during 

the deposition. This was the optimized partial pressure needed so as to prepare the 

LSMO(111) epitaxial layer, which is of our current interest. Therefore, the LSMO layers in 

the present heterostructures intrinsically contain oxygen deficiency. 

6.3 Experimental Details: 

The thin film heterostructures studied in this work were grown in a multi target PLD 

chamber that utilized KrF laser (λ=248 nm and τ=25 ns). The target to substrate distance was 

maintained at 4 cm during the deposition and the base pressure of the chamber before the 

deposition was less than 1×10-6 Torr. The laser energy density was 2.8 J/cm2 for c-YSZ, 3.2 

J/cm2 for Cr2O3 and, 3.0 J/cm2 for STO and LSMO. The laser repetition rate was 5 Hz for all 

the layers. The substrate was vapor cleaned in trichloro-ethylene at 200oC and subsequently 

cleaned in ultrasonic bath by immersing in acetone and methanol each for 5 min. Initially 

after heating the substrate to 675oC, the c-YSZ layer was deposited with 500 pulses under 

1×10-5 Torr vacuum and the rest under 8.5×10-4 Torr O2, and then oxygen partial pressure 

was adjusted to 5×10-2 Torr for the deposition of Cr2O3. After Cr2O3 deposition, the substrate 

was taken to 700oC and the LSMO was deposited under different oxygen partial pressures. 

Once the deposition was completed, the samples were cooled down to room temperature at 

10oC/min under the same oxygen partial pressure used to deposit the LSMO layer. The phase 

structure of the films was determined by X-ray diffraction θ-2θ scans using Rigaku X-ray 

diffractometer with Cu Kα (0.154 nm) radiation. The in-plane orientation of the films was 

determined by Φ scans using Panalytical X’Pert PRO MRD HR X-Ray Diffraction System. 

The JEOL 2010F TEM was used for imaging and selected area electron diffraction (SAED) 
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patterns. The cross-sectional TEM specimen was wedge polished until 1 μm thickness and 

then ion milled to electron transparency. The magnetic measurements were done using 

Quantum design Super-conducting Quantum Interference Device (SQUID). Transport 

measurements were performed on 5 mm × 5 mm thin films in Quantum Design, EverCool-II 

PPMS. Four indium dots were mechanically pressed on the corners of the sample to perform 

four probe resistance measurements in van der Pauw configuration.  

6.4 Results and Discussion: 

Figure 6.1 displays the θ−2θ XRD pattern acquired on the 

LSMO(66nm)/Cr2O3(55nm)/c-YSZ/Si(001) heterostructure. It shows the effect of oxygen 

partial pressure during the LSMO growth on the crystal orientation. In our previous 

publication 17 we have discussed the details of growth and characterization of epitaxial 

Cr2O3/c-YSZ/Si(001) heterostructures. In the present study, we tuned the deposition 

conditions to achieve epitaxial LSMO(111) on Cr2O3/c-YSZ/Si(001).  As shown in Figure 

6.1(b), at 1x10-1 Torr oxygen partial pressure, which is typically used 1920 to grow LSMO 

films, our films exhibit (110), (111) and (200) orientations, indicating polycrystalline nature 

of the LSMO film. As the oxygen partial pressure reduced to 1x10-2 Torr, the other 

orientations disappeared and only (111) orientation and its higher order are present, 

suggesting that LSMO is highly textured or epitaxial.  The peak near 2θ= 40o in Figure 6.1(b) 

corresponds to both (006)Cr2O3 (2θ=39.749) and (111)LSMO (2θ=39.942) because of the 

close matching of their 2θ values. 
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Figure 6.1: XRD θ−2θ pattern acquired on the LSMO/Cr2O3/c-YSZ/Si(001) heterostructure showing 

the effect of O2 partial pressure during LSMO growth. 

 

In order to determine the epitaxial nature of the films, in particular of LSMO, we 

have performed XRD Φ-scan on the thin film heterostructure grown at 1x10-2 Torr. Figure 

6.2 displays the Φ-scan data acquired on all the layers in the heterostructure for Si, c-YSZ, 

Cr2O3 and LSMO, respectively. The growth of c-YSZ on Si occurs with cube-on-cube and 

the Φ-scan data was collected on the {111} planes of c-YSZ and Si, which are inclined at 

54.73o from the (001) plane. The Φ-scan data collected on Cr2O3 layer for {101̅4} reflections 

which are inclined at 38.24o from the (0006) plane shows twelve peaks, suggesting four 

different in-plane domain variants of Cr2O3 with a single out-of-plane orientation. The 

growth of rhombohedral Cr2O3 on c-YSZ occurs with four different in-plane domains which 

are rotated at 30o from each other 17. 
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Figure 6.2. (a) XRD φ scan of LSMO/Cr2O3/YSZ/Si(001) heterostructure. It was collected from 

(101), (101̅4), (111) and (111) reflections of LSMO, Cr2O3, YSZ, and Si, respectively. (b) Schematic 

arrangement of the growth of LSMO(111) plane on Cr2O3 (0001) plane. 

 

The top panel in Figure 6.2 shows the Φ-scan data collected on the LSMO layer for {110} 

planes which are inclined at 35.26 from the (111) plane. Similar to Cr2O3, the twelve peaks in 

LSMO indicate the formation of four different in-plane domain variants of LSMO with a 

single [111] out-of-plane orientation. The position of these peaks at the same Φ angle to 

those of Cr2O3 suggests that, the basal plane of LSMO(111) grows on Cr2O3(0001) without 

any in-plane rotation. The schematic in Figure 6.2(b) depicts the growth of LSMO(111) on 

Cr2O3(0001). The lattice misfit between d(101̅)LSMO and d(21̅1̅0)Cr2O3 is 44.27% and thin 

film growth under large misfit systems can be explained by the domain epitaxy paradigm 21. 



 

 
                                                                                                                                   99 

 

Figure 6.3: (a) low magnification cross-sectional TEM image of the LSMO/Cr2O3/c-YSZ/Si(001) 

heterostructure. (b) c-YSZ/Cr2O3 interface. (c) Cr2O3/LSMO interface. 

 

To determine the thicknesses of the various layers in the heterostructure and to know 

the interface microstructure, we performed cross-sectional TEM study on LSMO/Cr2O3/c-

YSZ/Si(001). Figure 6.3(a) shows the low magnification image of the heterostructure. The 

growth rates of Cr2O3 and LSMO are 0.4 Ao and 1.2 Ao per laser pulse, respectively. The 

TEM images captured near the c-YSZ/ Cr2O3 and Cr2O3/LSMO are shown in Figure 6.3 (b) 

and (c), respectively. We did not observe any reaction or secondary phase formation at both 

the interfaces. Then, we have grown other heterostructures by varying the thickness of 

LSMO (66,264,528 nm) and keeping the Cr2O3 thickness constant at 55nm to study the 

magnetic properties. 
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Figure 6.4: The isothermal magnetization (M-H) (a) and temperature dependent variation in 

magnetization (M-T) (b) of all three heterostructures, namely, LSMO (66 nm)/Cr2O3 (55nm); LSMO 

(264 nm)/Cr2O3 (55nm); LSMO (528 nm)/Cr2O3 (55nm). As the LSMO thickness decreases and by 

keeping the Cr2O3 layer thickness at 55nm, the magnetization increases. The temperature at which the 

ZFC and FC curves split is the ‘blocking temperature’ (Tb). 

 

The in-plane magnetic- and temperature-dependent magnetization measurements 

have been performed on the heterostructures consisting of LSMO (66,264,528 nm)/Cr2O3 

(55nm). In this work, the Cr2O3 layer thickness is kept constant at 55 nm and found to exhibit 

antiferromagnetic properties. The data is presented in Figure 6.4(a,b). The magnetic field 

dependent magnetization variation collected at 4K is shown for all the three structures. Few 

remarkable observations can be noted: (a) the magnetization for LSMO (66nm)/ Cr2O3 

(55nm) is much higher than that of other two samples. This sample reveals typical 

ferromagnetic behavior, characterized by the saturation magnetization of 90emu/cc with the 

coercive field of 644Oe (b) as the LSMO layer thickness increases from 66 to 528 nm, the 

saturation magnetization decreases, and the nature of magnetic behavior changes from 

ferromagnetic to superparamagnetic. The latter behavior could be due to the change in 

magnetic anisotropy as a function of LSMO layer thickness. Such thickness dependent 
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magnetic anisotropy was observed in La0.7Ca0.3MnO3 (LCMO) 22 epitaxial thin films and in 

Fe/Co films 23. The temperature dependence of zero-field (ZFC) and field cooled (FC) 

magnetization for all the three samples is plotted in the Figure 6.4 (b). The ferromagnetic 

Curie temperature of LSMO can be noticed at 300K, where the magnetization rises as the 

temperature decreases. In addition, the splitting between ZFC and FC curves is observed at 

around 35-50 K, called blocking temperature (Tb). This observation has been observed and 

reproduced consistently over multiple times, thus ruling out the possible role of artifacts. The 

YSZ/Si (001) was shown to be diamagnetic and should not contribute the observed magnetic 

properties of the heterostructures presented in this study. 
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Figure 6.5: Temperature variation of resistivity of LSMO film of 66, 528 nm thicknesses as indicated. 

The metal to insulator transition in both the films is much reduced compared to bulk value. 

 

We have performed transport measurements on the 66 and 528 nm thick LSMO films to find 

the reason for the change in their magnetic nature. Figure 6.5 shows the resistivity variation 

of temperature collected on these two samples. We found that the samples are highly 

resistive compared to typical LSMO samples since less oxygen partial pressure 1x10-2 Torr 

was used during the LSMO deposition. In LSMO, conduction occurs through hopping of 

electrons from Mn+3 to Mn+4 via oxygen atoms. Not only high resistivity, the metal to 

insulator transition (TMI) which usually occurs close to Curie temperature of 360K, is also 

reduced very much in our films. The 66 nm LSMO film showed much reduced TMI of 8K 

compared to that of 528 nm LSMO film (87K). 
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Figure 6.6: In-plane (a) and out of plan (b) M-H behavior of LSMO (66nm)/Cr2O3 (55nm) collected 

at 4K under ZFC and 500 Oe FC conditions; The (c) and (d) shows the enlarged views of (a) and (b) 

respectively. Significant exchange bias is observed when the magnetic field is applied in-plane of the 

film, in comparison with that of out of plane. 

 

As the LSMO (66nm)/Cr2O3 (55nm) sample is showing interesting magnetic properties, we 

have chosen this sample for in-detail magnetization measurements. We have performed ZFC 

and FC (500 Oe) in-plane and out of plane M-H measurements on this sample. The data is 

plotted in Figure 6.6(a) and 6.6(b), respectively. The enlarged views of the same are plotted 

in Figure 6.6(c) and 6.6(d), respectively. As shown in Figure 6.6(c), we have observed an 

exchange bias of ~ 83Oe, when the magnetic field was applied in the plane of the film. In the 

out of plane orientation, the exchange bias is much less, ~ 28Oe. It can be clearly seen from 
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Figure 6.6(c, d). This is interesting because, one expect to see high exchange bias in 

perpendicular direction due to the alignment of spins in Cr2O3 along the out-of-plane 

direction. 

 

Figure 6.7: In-plane M-H behavior of LSMO (66nm)/STO(50 nm)/Cr2O3 (55nm) collected at 4K 

under ZFC and 500 Oe FC conditions as denoted. 

 

To probe the origin of exchange bias and to gain additional understanding on the 

variation in magnetic moment as a function of LSMO layer thickness, we have inserted a thin 

layer of epitaxial insulating non-magnetic SrTiO3 layer at LSMO (66nm)/ Cr2O3 (50nm) 

interface. The LSMO (66nm) layer preserves its pristine orientation even after inserting the 

STO layer in between. The in-plane M-H measurements have been performed at 4K on the 

resulting heterostructure.  The data is presented in Figure 6.7, which shows the M-H behavior 

of LSMO(66nm)/STO(50 nm)/Cr2O3 (55nm) under ZFC and FC (500 Oe) conditions. The 
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system still exhibited exchange bias as can be seen in the Figure 6.7 and the exchange bias 

field is found to increase to 183Oe upon the STO insertion. This can be understood in a way 

that, LSMO layer is intrinsically oxygen deficient, resulting magnetic phase separation such 

as ferromagnetic and antiferromagnetic regions. This is due to the weaker double exchange 

interaction between Mn3+ and Mn4+ ions via oxygen. This clearly infers that the observed 

exchange bias does not arise from the interface exchange coupling between LSMO (66nm) 

and Cr2O3 (55nm) layers, rather, appears from the LSMO (66nm) layer itself. This can also 

be evidenced from the splitting between ZFC and FC curves (see, Figure 6.4(b)).  In addition, 

the ferromagnetic Curie temperature (TC) (~300K) and metal to insulator (TMI) transition of 

LSMO(111) are suppressed in all the heterostructures when compared to that of reported 24 25  

value of 355K.  More interestingly, upon STO layer insertion, the magnetization of the 

resulting heterostructure has been decreased by 9-times. Figure 6.8 compares the M-H 

behavior of three different structures (Cr2O3, LSMO (66nm) (on Cr2O3), and LSMO (66nm) 

(on STO/Cr2O3). This strongly confirms that the magnetization enhancement in LSMO 

(66nm)/ Cr2O3 (55nm) heterostructure is due to the magnetic super exchange interaction 

between LSMO (66nm) and Cr2O3 (55nm) layers. Also, due to the fact that the observed 

magnetization is a strong function of LSMO thickness, the enhancement in magnetization is 

due to the interface magnetic exchange interaction. All these layers are grown relatively thick 

and lattice relaxed; there should not be any strain effect on the observed magnetic properties. 

There is no evidence for the noticeable charge transfer and doping as they confine to the 

interface. 



 

 
                                                                                                                                   106 

 

Figure 6.8: Comparison of all three M-H curves, Cr2O3(55nm), LSMO(66nm) on 

STO(50nm)/Cr2O3(55nm), and LSMO(66nm) on Cr2O3(55nm). The magnetization is suppressed 

when a 50nm thin non-magnetic insulating STO layer is inserted between LSMO(66nm) and 

Cr2O3(55nm) layers. This clearly shows the role of magnetic exchange interaction at the interface 

between LSMO(66nm) and Cr2O3(55nm) layers. 

 

The temperature dependence of exchange bias and coercive field collected for LSMO 

(66nm)/ Cr2O3 (50nm) heterostructure is plotted in Figure 6.9 (a,b). Both of them decay 

exponentially as a function of increase in temperature pointing to the fact that their origin is 

the same. At the blocking temperature of 50K, there is no exchange bias and coercive field is 

constant, as expected for LSMO layer consisting of two magnetic phases, similar to the 

present case. 
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Figure 6.9: The temperature dependences of exchange bias (HEB) and coercive field (Hc) for 

LSMO(66nm)/Cr2O3(55nm). The points show the experimental data and the solid curve guides the 

eye. The fact that the temperature dependence of HEB and Hc shows similar nature, which is an 

exponential decay, their origin is mostly likely the same, which is the magnetic phase separation in 

LSMO layer. 

 

6.5 Conclusions: 

To conclude, we have presented the epitaxial growth of LSMO/Cr2O3 

heterostructures on c-YSZ-buffered Si (001) using pulsed laser deposition. The X-ray 

diffraction (2Ɵ and Φ) and TEM characterizations confirm that the films were grown 

epitaxially. The epitaxial relations can be written as [001]Si ‖ [001]c-YSZ ‖ [0001]Cr2O3 ‖ 

[111] LSMO and [100]Si ‖ [100]YSZ ‖ [101̅0]Cr2O3 or [112̅0] Cr2O3 ‖ [101̅] LSMO. We 

have carried out a comprehensive study on this heterostructure as a function of LSMO 

thickness (66,264,528 nm).  Interestingly, as the LSMO thickness increases from 66 to 528 

nm, while keeping the Cr2O3 thickness constant at 55 nm, the magnetic moment of the 

heterostructure increases by more than 2-fold and the magnetic nature has changed from 

ferromagnetic to super paramagnetic. In addition, LSMO/Cr2O3 showed in-plane exchange 
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bias with a maximum exchange bias filed of 87Oe. From our experimental data, we believe 

the change in the magnetic anisotropy as a function of LSMO layer thickness could cause the 

change in magnetic moment and magnetic nature. The magnetic phase separation in oxygen 

deficient LSMO layer could lead to in-plane exchange bias as Cr2O3 is not expected to show 

in-plane exchange.  
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Chapter 7 Summary and Out look 

7.1 Summary 

In this dissertation we have developed buffer layer platforms to grow epitaxial Cr2O3 

and La0.7Sr0.3MnO3 thin films on Si(001) substrate and also studied their detailed structural 

and magnetic properties. In case of La0.7Sr0.3MnO3, we have also studied transport and 

magnetotransport properties with the aim of understanding the structure-property 

relationship.   

First, we have integrated epitaxial Cr2O3 thin films on Si(001) substrate via c-YSZ 

buffer layer using pulsed laser deposition. The X-ray Φ-scan and TEM results confirmed the 

epitaxial nature of the films. The growth of trigonal Cr2O3(0001) on cubic c-YSZ(001) 

occurs with different in-plane variations. There are four domains of Cr2O3 with a single 

[0001] out-of-plane orientation and rotated 30o from each other in the in-plane. Two of the 

domains are twin equivalent to other two domains. The epitaxial relations can be written as 

(001)[100]Si ‖ (001)[100]c-YSZ  and (001)[100]YSZ ‖ (0001)[101̅0]Cr2O3 (or) 

(0001)[112̅0]Cr2O3 (or) (0001)[011̅0]Cr2O3 (or) (0001)[1̅21̅0]Cr2O3. Though the easy axis 

of antiferromagnetic Cr2O3 is along [0001], the in-plane magnetic measurements showed 

ferromagnetic behavior with high saturation magnetization and finite coercivity existing up 

to 400K. The magnetization was found to be a strong function of thickness. Higher saturation 

magnetization was found in films of less thickness, which had more residual strain. The 

oxygen annealing also had strong effect on the strain and magnetization. The thickness 

dependent magnetization together with oxygen annealing results suggest that the in-plane 

ferromagnetism in Cr2O3(0001) thin films is due to oxygen related defects whose 



 

 
                                                                                                                                   113 

concentration is controlled by strain present in the films. The out-of-plane measurements 

performed on the films showed unsaturated component in the M-H loop indicating 

antiferromagnetic nature of the films. This ferromagnetism in addition to the intrinsic 

antiferromagnetic and magneto-electric properties of Cr2O3 opens the door to relevant 

spintronics applications. 

Second, in order to see whether strain can induce magnetic moment in Cr2O3 thin 

films of other orientations, we tried to deposit epitaxial thin films on Al2O3(011̅2) substrates. 

The films were found to be epitaxial as confirmed from the XRD Φ-scan and TEM results. 

The epitaxial relations between the substrate and film were established as [011̅2]Cr2O3 ‖ 

[011̅2]Al2O3 (out-of-plane) and [1̅1̅20]Cr2O3 ‖ [1̅1̅20]Al2O3 (in-plane).  The in-plane 

SQUID measurements performed (5-400K) on the pristine samples revealed ferromagnetism 

(FM) with Curie temperature above 400K. The room temperature coercivity and saturation 

magnetization of the pristine samples were 25 Oe and 0.12 emu/g, respectively. After oxygen 

annealing, the FM is almost completely suppressed. The FM in the as deposited films is 

attributed to the strain present in the films as inferred from HR XRD and Raman 

spectroscopy measurements. The decrease of strain with oxygen annealing indicates that 

strain is due to point defects such as oxygen vacancies. This study of understanding the 

origin of FM in Cr2O3 thin films can be useful to better design the spintronic devices. 

Third, we have integrated bi-epitaxial La0.7Sr0.3MnO3(110) thin films on Si(001) 

substrate with c-YSZ/STO buffer layers by pulsed laser deposition. We were interested in bi-

epitaxial growth to study the effect of domain boundaries on the magneto-transport properties 

of colossal magnetoresistive La0.7Sr0.3MnO3. In addition, for the (110) oriented growth, there 
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is no polar discontinuity at the STO–La0.7Sr0.3MnO3 interface and hence no dead layer 

formation occurs. This improves ferromagnetic interaction in the La0.7Sr0.3MnO3, making it 

highly attractive for spintronic applications. The growth conditions for STO were optimized 

to achieve (110) orientation on c-YSZ(001). The growth of rectangular STO(110) on cubic c-

YSZ(001) occurs with two in-plane domain variation also called bi-epitaxial growth, which 

involves larger misfit (> 10%) and can be explained by the paradigm of domain matching 

epitaxy. Since La0.7Sr0.3MnO3 is lattice matched with STO, those films were also grown with 

a single [110] out-of-plane orientation but with two in-plane domain variants, which was 

confirmed by XRD and detailed TEM studies. The epitaxial relationship between STO and c-

YSZ can be written as [110] (001) c-YSZ ‖ [1̅11̅] (110) STO (or) [110] (001) c-YSZ ‖ [1̅12̅] 

(110) STO. The La0.7Sr0.3MnO3 thin films were ferromagnetic with Curie temperature 324K 

and showed metal to insulator transition at 285K.  The resistivity of the La0.7Sr0.3MnO3 films 

is of the order of 10-20 mΩ cm, comparable to epitaxial thin films. The easy axis of the 

La0.7Sr0.3MnO3 thin films is in the (110) plane whereas the hard axis is along [110] out-of-

plane. The La0.7Sr0.3MnO3 thin films showed unique hysteresis loops in magnetoresistance 

when low magnetic field is applied in both in-plane and out-of-plane directions. The in-plane 

MR showed cusp-like variation whereas out-of-plane MR reveals a smudged or rounded off 

nature. The highest MR obtained in this study is -32% at 50K and 50 kOe for H∥ 

configuration whereas the room temperature MR is -4% at 10 kOe and -17% at 50 kOe. The 

temperature dependent MR showed a peak in low temperature region followed by a 

monotonic decrease up to 350K. The magnitude of MR can be improved by different post 

growth techniques. The hysteresis in MR and the controlled domain boundaries in case of bi-
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epitaxial La0.7Sr0.3MnO3 films integrated on Si(001) can offer considerable advantages over 

the polycrystalline counterparts in terms of improved functionality and reliability.  

Finally, the epitaxial La0.7Sr0.3MnO3-δ(LSMO)/Cr2O3 bilayer structure was integrated 

with Si(001) with the aim of combing a FM/AFM(ME) system with silicon and also study 

interface magnetic properties. The epitaxial growth of LSMO/Cr2O3 heterostructures on c-

YSZ buffered Si (001) was done using pulsed laser deposition. The X-ray diffraction (2Ɵ and 

Φ) and TEM characterizations confirm that the films were grown epitaxially. The epitaxial 

relations can be written as [001]Si ‖ [001]c-YSZ ‖ [0001]Cr2O3 ‖ [111] LSMO and [100]Si ‖ 

[100]YSZ ‖ [101̅0]Cr2O3 or [112̅0] Cr2O3 ‖ [101̅] LSMO. We have carried out a 

comprehensive study on this heterostructure as a function of LSMO thickness (66, 264, 528 

nm).  Interestingly, as the LSMO thickness increased from 66 to 528 nm, while keeping the 

Cr2O3 thickness constant at 55 nm, the magnetization the heterostructure increased by more 

than 2-fold and also the magnetic nature has changed from ferromagnetic to super 

paramagnetic. From our experimental data, we believe that the change in the magnetic 

anisotropy as a function of LSMO layer thickness could cause the change in magnetization 

and magnetic nature. In addition, LSMO/Cr2O3 showed in-plane exchange bias with a 

maximum exchange bias field of 87Oe. To verify whether the exchange bias effect is arising 

from the LSMO/Cr2O3 interface, we have inserted an STO layer in between and found that 

the system still exhibited exchange bias property. The electrical data showed high resistivity 

for LSMO thin films since they were grown under 1x10-2 Torr oxygen partial pressure. Since 

oxygen mediation plays important role for the double exchange mechanism between Mn+3 

and Mn+4 in LSMO, the oxygen deficiency in LSMO resulted in  magnetic phase separation 

(FM and AFM) and lead to in-plane exchange bias in LSMO/Cr2O3 as Cr2O3 is not expected 
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to show in-plane exchange. Though this system is not ideal in terms of expected properties of 

LSMO, this study can help understanding the effect of processing conditions on the property, 

which in turn can help better design novel thin film device structures.  

7.2 Outlook  

Based on the present work, some suggestions can be made for the future work. Basing on the 

experimental result (which is not presented in this dissertation but explored in the process) 

that Cr2O3 can be grown epitaxially on STO(111),two schemes are proposed.  

(1) To measure magnetoelectric properties of Cr2O3 thin films:  

Nb:STO(111)/Cr2O3(0001)/TE ; TE refers to top electrode, which could be any metal. 

Nb doped STO substrate can serve as bottom electrode. 

(2) To study interface magnetism and exchange bias in LSMO/Cr2O3 all epitaxial system: 

Al2O3(0001)/Cr2O3(0001)/STO(111)/LSMO(111)/Cr2O3(0001)  

In this system, LSMO can be grown without any restriction on the O2 partial pressure 

for deposition. Alternately, it can be grown on STO(111) single crystal as well. 


