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Synopsis 

 Transmission Electron Microscopy (TEM) and Electron Energy Loss Spectroscopy 

(EELS) are one of the most powerful and successful imaging and analytical tools available in 

materials science. Owing to the much smaller wavelength of electrons e.g., 0.0273 Å at 200 kV 

and strong interaction compared to visible light and X-ray based techniques, TEM is capable of 

providing information from materials not only at nanoscale but also at the atomic scale. TEM has 

long been used for structural and chemical composition analysis of materials by imaging and 

spectroscopy. Element specific orbital and spin magnetic information characterization by 

electron magnetic circular dichroism (EMCD) in a TEM is a recent development in the field of 

transmission electron microscopy. EMCD is an EELS based technique and is equivalent to X-ray 

Magnetic Circular Dichroism (XMCD) which is routinely performed in a synchrotron. EMCD in 

a TEM not only offers higher spatial resolution compared to XMCD but also bulk sensitive. 

However, EMCD was not possible in a TEM due to unavailability of spin polarized electron 

source till it was shown both by theoretically and experimentally to obtain such signal in the 

absence of a spin polarized source [C. Hébert et al., Ultramicroscopy 96 (2003) 46; P. 

Schattschneider et al., Nature 441 (2006) 486]. The technique so far has been limited to the 

moment ratio evaluation only and the extraction of individual orbital and spin moment values 

remained elusive. Moreover, the technique suffers from the poor signal to noise ratio in the 

experimental spectra. In the first major contribution to this technique we have demonstrated a 

method to improve the signal to noise ratio significantly at the nanometer length scale exploiting 

the gun monochromator excitation available in a FEI-TITAN 80-300 kV aberration corrected 

microscope. Our first experimentation was on CrO2 epitaxial thin films grown on TiO2 substrate 

with two different growth orientations and the results are compared with the previously 

performed XMCD data and first principle based calculations. In the subsequent work, we have 

quantitatively evaluated the site specific orbital and spin magnetic moment values from NiFe2O4 

and CoFe2O4 epitaxial thin films exploiting a simple model developed by us which is based on 

site specific absorption of Bloch waves for the inverse spinel structure. We also have explained 

the experimentally observed low dichroic signal and the imbalance in dichroic signal observed 

between L3 and L2 absorption edges in terms of detection of EMCD signal along a particular 

momentum transfer direction. Besides this, we have applied EMCD technique to understand the 
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observed ferromagnetism in Co doped ZnO epitaxial thin films where composition dependent 

coercivity was reported. First principle based calculations were performed in order to understand 

the observed weak ferromagnetism associated with the Co atoms. 
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Chapter 1 

 

 

Introduction 

 

 

 

 

 

 

This chapter gives an introduction on Electron Magnetic Circular Dichroism (EMCD) in a 

Transmission Electron Microscope along with an overview of the thesis on using EMCD on 

various materials at nanoscale. 



2 Chapter 1                                                                                                                     Introduction 

 

1.1 Electron Magnetic Circular Dichroism in a Transmission Electron Microscope 

Transmission Electron Microscopy (TEM) has been a routine characterization tool for 

structural and chemical composition analysis of materials by imaging and spectroscopy, 

respectively. Quantitative magnetic information by electron magnetic circular dichroism 

technique (EMCD) in a TEM is an innovative idea and new addition based on electron 

diffraction [1-3]. EMCD is equivalent to X-ray Magnetic Circular Dichroism (XMCD), which is 

routinely performed in a synchrotron to characterize atom specific orbital and spin magnetic 

moments in materials [4-6]. Though there are reports on linear dichroism studies in TEM [7] 

circular dichroism was thought to be possible only with existence of spin-polarized electron 

source in TEM due to the similarities recognized between the X-ray Absorption Near Edge 

Structure (XANES) and Energy Loss Near Edge Structures (ELNES) [1,8]. Principle of EMCD 

is discussed in detail in Section 1.1.1. Schattschneider et al., first theoretically proposed the 

possibility of a dichroic experiment in TEM in the year 2003 [1], later the experimental 

feasibility of such proposal named as ‘Electron Magnetic Circular Dichroism (EMCD)’ was 

proved in the year 2006 [2]. 

 

Figure 1.1. Showing three beam diffraction pattern marked with positions 1, 2, 3 and 4 at the 

symmetrically opposite positions on the Thales circle drawn connecting the direct and diffracted beams. 

The EMCD signal can be extracted from the difference of the signal from positions 1 and 2 or from 

positions 3 and 4 where the momentum transfer vectors (q & q′) at these positions are perpendicular and 

opposite to each other. 
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It has been proposed that extracting electron energy loss spectra from such specified 

positions in the diffracting plane where the momentum transfer vectors from the direct and 

diffracted beams are phase shifted by (π/2) can give magnetic dichroic information as shown in 

Fig. 1.1. EMCD has been improved tremendously in the past few years both theoretically and 

experimentally [9-15]. Its experimental application has been tested on various materials [16-20]. 

There are several reports on the experimental related issues such as signal to noise ratio, 

instrument parameters and methods to overcome them [14,21,22]. Though there are several 

reports on the understanding of principles and experimentation on various materials with 

different techniques, still the technique is limited to evaluation of orbital to spin moment ratio 

[23-26]. This is because of the fact that EMCD sum rules are different than their XMCD 

counterpart and involves evaluation of ‘K’ parameter [25]. This ‘K’ parameter is highly sensitive 

to the experimental setup and needs precise evaluation of various experimental parameters. 

Theoretical proposals on atomic resolution EMCD are already made [27-32]. 

The present chapter emphasizes on the principle and importance of EMCD in studying 

magnetism at the nano and atomic scale justifying its uniqueness in comparison to other 

conventional techniques at this length scale. An overview of the thesis is also presented briefly 

mentioning our contributions on dichroic signal improvement at the nanoscale, first experimental 

results on CrO2 epitaxial thin films, quantitative and site-specific EMCD in NiFe2O4 and 

CoFe2O4 epitaxial thin films with our approach in understanding dichroic signal from inverse 

spinels, and EMCD of Co doped ZnO epitaxial thin films where Co concentration dependent 

coercivity has already been reported.  

1.1.1 Principle of EMCD 

  The principle of EMCD lies in the concept of establishing a mathematical equivalence 

between the theory of X-ray absorption and inelastic electron scattering [33] under dipole 

approximation at which q R  becomes equivalent to .R  (comparing Eq. 1.1 and Eq. 1.2) [1]. In 

both cases, the driving force is the electric field vector E and therefore the representation of 

circularly polarized photons in the case of X-ray absorption i.e., i    can be represented as 

q i q  in the case of inelastic electron scattering. Therefore, in EMCD experiment, one would 

require to have simultaneous momentum transfer by the direct ( q ) and diffracted ( q ) beams in 
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the diffraction plane which are equal in magnitude but phase shifted by π/2. Experimentally, this 

is achieved in the diffraction space in a TEM where the crystal itself acts as an interferometer or 

beam splitter to produce direct and diffracted beams which are phase shifted by π/2 as shown in 

Fig. 1.1. The simultaneous and perpendicular momentum transfer by the direct and diffracted 

beams (see Fig. 1.1) at two opposite positions on a Thales circle drawn connecting the direct and 

diffracted beams would provide the necessary condition of momentum transfer for the EMCD 

experiment. The difference in the dichroic signal at these two positions results in the magnetic 

dichroic signal which is equivalent to the XMCD experiment. Double differential scattering 

cross-section for inelastic electron scattering is given by 

 
2 2 2

2 4
, 0

4 f

i f

i f i

k
f q R i E E E

E ka q

 



   

 
                               ... (1.1) 

where, E is the energy loss,  ,i f  are the initial and final states, 
oa is the Bohr radius, 

i fq k k  is the direction of momentum transfer,  is the relativistic factor and R is the position 

vector of the target electron. In XANES, the absorption cross-section for a photon with energy E, 

under dipole approximation is given by 

                                                                           ... (1.2) 

where,  is the fine structure constant,  is the polarization vector of the photon absorbed [34]. 

From Eq. (1.1) and Eq. (1.2) it is obvious that within dipole approximation, the polarization 

vector  in XANES can be made equivalent to 
q

q

 
 
 

 in ELNES with electric field E  as the 

driving force for in both the transitions [3]. Therefore, circularly polarized photons with 

polarization vector ( i    ) with     is analogous to the momentum transfer vector 

( )q i q  with q q and q q  in the case of electron scattering. Now, by replacing the 

momentum transfer vector q  by ( q i q  ) in Eq. (1.1), the electron scattering cross-section 

equation transforms to Eq. (1.3). 

 
2

2

,

4 i f

i f

f R i E E E       
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          ... (1.3) 

where   is the relativistic factor, ik and fk are wave vectors before and after the interaction, 

respectively.       is the differential scattering cross-sections for two different momentum 

transfer directions, 
2

E



 
double differential scattering cross section, q  and q  are the 

2


 

dephased momentum transfer vectors, r  the position vector,  i fE E E   is the Delta function 

that ensures the selected transition probability. The first two terms in Eq. (1.3),  , ,S q q E and 

 , ,S q q E   are called Dynamic Form Factors (DFF) for the momentum transfer vectors q  and 

q  respectively [35, 36] that describes the inelastic scattering of the electrons. The last term in 

Eq. (1.3) is the inelastic interference term called mixed dynamic form factor (MDFF) denoted by 

 , ,S q q E . MDFF is a complex quantity and contains the magnetic information of the material 

and this term is zero for non-magnetic samples. 

1.1.2 EMCD Sum Rules 

EMCD sum rules for quantitative determination of magnetic moments are derived from 

differential cross section calculated for symmetric positions in the diffraction plane [23,25]. The 

derived spin and orbital moment sum rules are expressed in terms of experimental spectra and 

dynamical diffraction coefficients as given in Eq. (1.4) and Eq. (1.5) and after neglecting 
zT   in 

Eq. (1.6) and Eq. (1.7) respectively. 
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Here, 
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1 1( / ) posE   Ω  and 
2

2 2( / )posE   Ω  are the differential scattering 

cross sections at two different positions. The terms /z hS N  , /z hL N  , and /z hT N  are the 

ground-state expectation values of spin momentum, orbital momentum, and magnetic-dipole 

operators per hole in d bands respectively. The factor ‘K’ is calculated derived for a very well 

defined geometry and it contains information related to dynamical effects. The expression for ‘K’ 

is given by Eq. 1.8.  
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where, 
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plane waves corresponding to the direct and diffracted beams. Under simplified geometry, e.g., 

for two beam case, the expression for ‘K’ reduces to Eq. 1.9. 
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It depends on the sample thickness, excitation error of the incident beam, detector 

position and aperture size [25]. Also these equations are derived assuming the beam is perfectly 

parallel. But in practice the beam may not be perfectly parallel and small convergence and partial 

coherence of electron source always exist. Therefore, by taking the ratio of the two equations and 

neglecting the effect of magnetic dipole operator, one can get rid of the effect of any dynamical 

coefficients and the ratio of the orbital to spin moments (morb/mspin) can be calculated according 

to EMCD sum rules (as shown in Eq. (1.9)) since the equation now is free from the factor  .  
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Expressions for spin moment and orbital moment in the case of XMCD for 3d transition 

elements [6] are given in Eq. (1.11) and Eq. (1.12) and after neglecting 
zT  in Eq. (1.13) and Eq. 

(1.14) respectively. 

                   

   

 
 3 3 2

3 2

1

spin 3

6 4 7
10 1

2

L L L z
d

z
L L

d d T
m n

Sd

     

  


   



 


    
      

  

 


     ... (1.11) 

                                             

 

 
 3 2

3 2

orb 3

4
10

3

L L

d

L L

d
m n

d

  

  

 


 



   






                                 ... (1.12) 

                               

   

 
3 3 2

3 2

spin

3 2
 2   

L L L

h

L L

d d
m N

d

     

  

   


 


  
 



 


                        ... (1.13) 

                                                        

 

 
3 2

3 2

orb

4
    

3

L Lh

L L

dN
m

d

  

  

 


 



 






                               ... (1.14)                                                                                                                                                                                                                                                                                                                                                                                                                  

where mspin and morb are the spin and orbital moments respectively in µB/atom units. n3d is the 3d 

electron occupation number. L3 and L2 are the absorption edges denoting the integration range. 

zT  is the expectation value of magnetic dipole operator and 
zS   is equal to half of mspin in 

Hartree atomic units.     denotes the MCD (magnetic circular dichroism) spectra and 
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     denotes the XAS (X-ray Absorption Spectra). Spin to orbital moment ratio according 

to XMCD sum rules is given in Eq. (1.15). 
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  The equations for morb/mspin ratio according to EMCD and XMCD sum rules (Eq. (1.10) 

and Eq. (1.15)) are exactly the same in terms of integrated dichroic signal obtained by two 

different methods after neglecting      term but the individual sum rules are different in terms of 

multiplicative constants and parameter ‘K’. This means individual EMCD sum rules will be 

strongly dependent on the accurate determination of parameter ‘K’. 

1.1.3 EMCD: Techniques to Improve Spatial Resolution 

  Study of magnetism at nano and atomic scale became extremely important in order to 

meet the increasing demands of device miniaturization in the rapidly expanding field of 

spintronics. There are many reports and demonstrations on the ability of EMCD technique to 

reach nano and atomic scale magnetism studies. The obtainable spatial resolution at the time of 

introduction of the technique was about 100-200 nm. This is limited by the size of the selected 

area aperture. In order to improve this limit either the size of the apertures in TEM have to be 

made smaller or have to develop new experimental methods in terms of modifying the scattering 

geometries during experiment. The convergent beam techniques like LACDIF [37,38] (Large 

Angle Convergent Diffraction) and CBED [13] (Convergent Beam Electron Diffraction) were 

used to acquire the dichroic signal with the improvement in the spatial resolution to 30 nm. But 

in the case of LACDIF method, the intensity of the signal is compromised with the spatial 

resolution due to the beam convergence while in the case of CBED technique, the signal 

intensity is compromised with the interference of the diffraction discs.  

 The spatial resolution was then improved to 2 nm by performing the experiment with 

convergent electron-beam diffraction in the scanning mode of TEM [9]. This method is 

demonstrated on an epitaxial Fe/Au multilayer film with a 3 nm wide Fe layer and a substantial 

increase in the spatial resolution of the magnetic dichroic signal was observed. This value can be 

further increased in a CS corrected microscope. The geometry used in this experiment is shown in 
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Fig. 1.2. Convergent electron probe of 1.7 nm is scanned across the Au/Fe multilayer film in 

scanning mode of TEM. The Gaussian full width at half maximum (1.66 nm) calculated from the 

assumed Gaussian spot profile drawn across the Au/Fe multilayer indicated that the limiting 

factor for the resolution is the spot size of the probe. Acquiring EMCD signal from reciprocal 

space maps allows the extraction of quantitative magnetic moments with superior spatial 

resolution [24]. Also, availability of aberration corrected TEMs with high brightness sources can 

push the scale of obtainable information to atomic resolution [27-29]. 

 

Figure 1.2. Geometry for EMCD experiment in STEM mode with convergent beam electron diffraction. 

(A) Two plane waves phase shifted by (π/2) producing a rotating electric field vector F . (B) Detector 

positions with respect to ‘0’ and ‘g’ beam after diffraction through the crystal and the final scattering 

direction fk and momentum transfer directions are indicated. (C)  EMCD experiment in convergent 

beam STEM mode showing the detector positions ‘+’ and ‘–’ in the diffraction plane. Copyright (2008) 

by American Physical Society [9]. 

  In short, the aim of each of these proposed experimental methods is to obtain higher 

spatial resolution along with high signal to noise ratio. In this context we have taken a different 

approach which was based on a gun monochromator excitation available with FEI TITAN
3TM
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80-300 kV (kindly see Fig. 2.2) to improve the signal to noise ratio significantly. We obtained 

~60 % higher signal to noise ratio with this method compared to that using probe in parallel 

mode (see Fig. 2.4). This technique routinely offers a spatial resolution of 5-10 nm. The EMCD 

experimental method and results using gun monochromator are discussed in Chapter 2. 

1.2 EMCD in Comparison to Other Magnetism Characterization Techniques 

  EMCD is a recently evolved atomic and nano-scale magnetic characterization tool. There 

are many other magnetically sensitive microscopic techniques that have been extensively used to 

characterize magnetism of materials like Kerr-microscopy [39], Lorentz-microscopy [40], 

Scanning Electron Microscopy with Polarization Analysis (SEMPA) [41], Scanning Near-field 

Magneto-optical Microscopy (SNMOM) [42], Magnetic Force Microscopy (MFM) [43] etc. 

However, neither of these techniques have spatial resolution below 10 nm. Scanning Tunneling  

Microscopy (STM) [44,45] can routinely give atomic level spatial resolution but it is essentially 

a surface characterization technique. Moreover, EMCD is the only available technique that 

allows the evaluation of bulk sensitive and element specific spin and orbital magnetic moments 

at nanoscale. Electron holography in TEM is another technique used to characterize magnetic 

field distribution which is based on the interference of coherent electron waves [46-49]. Recent 

advancement in the technology has lead to the availability of vortex electron beam in TEMs. The 

vortex electron beams carrying high angular momentum [31,32,50] can be used to study atomic 

scale magnetism and also has applications in electron tweezing. Research in this direction is still 

emerging. 

1.3 Overview of the Thesis 

 We have carried out our first experimental EMCD on CrO2 epitaxial thin films grown on 

TiO2 substrate along two different growth orientations [51]. In this work, we have shown how 

one can exploit the gun monochromator available with FEI TITAN
3TM

 80-300 kV meant for high 

energy resolution (better than 0.18 eV) EELS spectroscopy to increase the signal to noise ratio 

significantly from an area as small as 5 sq. nm while ensuring that the out coming electron beam 

is in parallel mode as evident from the diffraction spots [52]. Though our results closely matches 

with the first principle based calculations of atom specific magnetic moments for the two 

different CrO2 thin films but they are not in agreement with the experimental XMCD 
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measurement. Experimental and calculated results are discussed and we point out some possible 

reasons for this discrepancy [52].  

 Subsequently, we have carried out quantitative EMCD of two important spinel oxide 

epitaxial thin films, NiFe2O4 and CoFe2O4 grown by Direct Liquid Injection Chemical Vapor 

Deposition method [53]. Our goal was to probe the difference in magnetic signal obtained from 

the perfect inverse spinel configurations and the regions with A site cation vacancies and cation 

mixing [54-56]. During this experimentation we observed that dichroic signal is very low 

irrespective of sample thickness and an imbalance in dichroic signal exists between L3 and L2 

absorption edges. The low dichroic signal was explained based on oscillating nature of 

propagating Bloch waves in the crystal and the imbalance in signal was explained based on 

particular momentum resolved signal detection during EMCD experimentation. We also have 

developed one simple model for the site specific magnetic signal evaluation for inverse spinel 

structure which is important for any quantitative work in this system. This particular work is 

important and the results strengthen the promise of utilizing EMCD as a routine nanoscale 

magnetic characterization technique [57].   

 We have also applied EMCD technique to study element specific magnetism in Co doped 

ZnO epitaxial thin films [58] where we already reported Co concentration dependent coercivity 

in ZnO. We developed a method on how to grow epitaxial thin film of ZnO on highly lattice 

mismatched (~18.4 %) c-plane sapphire [59]. This method was used to grow all the epitaxial 

ZnO thin films. The solubility limit of Co and Mn in ZnO was studied and thin films were grown 

by pulsed laser deposition method. Structural and magnetic characterization was done. Materials 

characterizations in terms of composition and macroscopic magnetic study is done by EDX 

(Energy-dispersive X-ray Spectroscopy) and SQUID (Superconducting Quantum Interference 

Device) respectively. We already have explained the experimentally observed giant coercivity 

due to charge transfer from Co d electrons to the defect band. DFT based calculation was carried 

out to check the energy landscape of Co d electron states and the defect states whether such 

charge transfer is feasible. Experimental EMCD shows weak magnetism at the Co atoms thus 

confirming that the origin of magnetism in this system is predominantly from the defects and the 

observed coercivity is due to the interaction of Co with defect level via charge transfer.  
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Chapter 2 

 

 

EMCD of CrO2 Epitaxial Thin Films at 

Nanoscale with Significant Improvement in 

Signal to Noise Ratio 

 

 

 

 

 

This chapter first discusses the experimental aspects of electron magnetic circular dichroism 

particularly on improvement of the signal to noise ratio significantly at nanoscale. Detailed 

EMCD experimental results on CrO2 epitaxial thin films with this new technique are discussed in 

the second half of the chapter.  

This work has been published in Journal of Magnetism and Magnetic Materials 324 (2012) 

3754. Copyright (2012) by Elsevier. 
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2.1 Introduction 

CrO2 is the only known half-metal [1,2] with spin polarization as high as 98% measured 

through Point-contact Andreev reflection [3-5] and Meservey-Tedrow Spin-polarized tunneling 

measurements [6]. This makes CrO2 an attractive candidate for spintronics. It crystallizes in 

tetragonal rutile structure (space group:    
   : P42/mnm) with each Cr atom octahedrally 

coordinated around the oxygen atoms. It has inversion symmetry about the body centered Cr 

atom which means that the dichroic signal obtained is due to the presence of magnetic moments 

and not due to the lack of inversion symmetry. We have performed EMCD experimentation of 

CrO2 epitaxial thin films grown on TiO2 substrate with two different orientations i.e., (100) and 

(110) by Chemical Vapor Deposition Method (CVD) [7]. The thickness of the film grown is ~ 45 

nm. The (100)-oriented film remains strained (compressive strain along (010) and tensile strain 

along (100)) whereas (110)-oriented film is fully relaxed [8,9]. The (110) oriented film shows 

higher spin magnetic moment compared to (100) oriented film at room temperature. XMCD 

measurement on these two set of samples shows 50% higher spin magnetic moment for the 

relaxed (110) film compared to strained (100) film which is also consistent with the observation 

of higher Curie temperature for the former film sample [10].  

EMCD of these two different CrO2 thin films are studied with a different experimental 

approach i.e. using a gun monochromator in an aberration corrected transmission electron 

microscope operating at 300 kV. Excellent signal-to-noise ratio is obtained with spatial 

resolution ~10 nm using a monochromatic probe as compared to conventional parallel 

illumination (~ 60% improvement), large area convergent beam electron diffraction and scanning 

transmission electron microscopy techniques of EMCD. Relatively rapid exposure using mono 

probe illumination enables collection of EMCD spectra in total of 8-9 minutes in energy filtered 

imaging mode for a given Cr L2,3 energy scan (energy range ~35 eV). We compared the EMCD 

signal obtained by extracting the Cr L2,3 spectra under three beam diffraction geometry of two 

different reciprocal vectors (namely g = 110 and 200) and found that the g = 200 vector enables 

acquisition of excellent EMCD signal from relatively thicker specimen area due to the associated 

larger extinction distance. Orbital to spin moment ratio has been calculated using EMCD sum 

rules derived for 3d elements and the dichroic spectral features associated with CrO2 are 

discussed in comparison with calculated XMCD spectra. 
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2.2 Experimental Details 

2.2.1 Cross-sectional and Plan View TEM Sample Preparation 

Cross-sectional thin film TEM samples were prepared by conventional mechanical 

polishing and Ar ion milling to perforation so as to obtain a large electron transparent thin area. 

Different steps of sample preparation are described below. 

 

Figure 2.1. Step-by-step procedure of thin film TEM cross-sectional sample preparation. First two steps 

involve face-to-face gluing and mechanical polishing of the sample to thin down to 80 μm. In the third 

step, sample is further thinned down to <20 μm using a hand held tripod polisher. The sample is then 

mounted on copper grid and milled to perforation in a Gatan Precision Ion Polishing System (PIPS) to 

obtain an electron transparent thin area as shown in the figure as a part of 4
th
 step. The optical images of 

both cross-sectional and plan view samples at the region of perforation are shown. 

Figure 2.1 shows the step-by-step procedure for the cross-sectional TEM sample 

preparation. First step involves the face-to-face gluing of films to prepare a sandwich. The 

1st Step 3rd Step

4th Step

Face-to-face gluing

Thinning down to 
80μm on ~ 320 
μm coarse SiC
sheet

2nd Step

Tripod polisher
Thinned down to ~20 μm on fine 
diamond papers (30 μm – 6 μm)

Substrate

Film

Cu grid

Cross-sectional Sample Plan View Sample

Region of perforation
Optical fringes

Region of perforation

Thin Film

Amorphous glue

Milled to perforation in Precision Ion Polishing System (PIPS). Thickness of the sample near the 
perforation is ~ 10-30 nm
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assembly is then mounted on a brass block with a temporary mounting wax having melting point 

of 135 ºC. The second step involves mechanical polishing along the cross-sectional direction 

shown in the Fig. 2.1 in order to shape it to fit within 3 mm Cu grid and to reduce the thickness 

to below 80 µm. Mechanical polishing was done using SiC polishing papers. In the next step, the 

thickness is further reduced to < 20 µm using diamond polishing sheets of varying grit sizes from 

30 to 6 µm. The sample is then mounted on to a copper grid and milled in the precision Ar ion 

polishing machine to perforation. The beam settings used were ±7° and 4 keV energy. The 

voltage was reduced to 3 kV at the end to remove any surface amorphous layer. Similar 

procedure of mechanical polishing and Ar ion milling is followed in the case of plan view 

sample preparation except that face-to-face gluing of the films is not done. The polishing is done 

from the substrate side and thinned down to < 20-30 µm before ion milling to perforation. Here 

both the Ar ion gun beams are set at +7° and 4 keV with no modulation. 

2.2.2 Effect of Gun Monochromator Excitation on the Improvement of the Signal 

We employed gun monochromator excitation equipped with FEI TITAN
3TM

 80-300 kV (see 

Fig. 2.2) microscope to improve the dichroic signal to noise ratio significantly compared to other 

methods discussed in the literature. The monochromator excitation is based on the principle of 

Wien filter where the electron beam is dispersed by applying a static potential in the plane 

perpendicular to its propagation. Depending on the applied potential and corresponding 

dispersion, the probe elongates in a plane perpendicular to the applied field. The central bright 

region of the probe has an energy resolution better than 180 meV as measured from the full 

width at half maxima of the zero loss peak at 300 kV.  A parallel slit at the height of C1 

condenser lens is used to select the central bright region of the probe and the illumination size 

can be controlled. Such a focused monochromatic probe offers high electron flux and improves 

the signal to noise ratio significantly. Fig. 2.3 (a) shows monochromatic probe focused and 

centered at the height of C1 aperture. Fig. 2.3 (b) shows the CrO2 (110) thin film (~45 nm 

thickness) illuminated by the central bright region of the monochromatic probe selected by the 

slit perpendicular to the energy spread. Fig. 2.3 (c) shows the spot like diffraction pattern from 

the film along <001> zone axis. (200) and (110) spots are indexed in the diffraction pattern. Spot 

like diffraction pattern also indicates that the monochromatic probe illuminating the sample is 

essentially a plane wave.  
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Figure 2.2. FEI TITAN
3TM 

80-300 kV at International Centre for Materials Science (ICMS), Jawaharlal 

Nehru Centre for Advanced Scientific Research (JNCASR), Bangalore. It has double Cs corrector 

technology with both image and probe corrector systems. 

 

Figure 2.3. (a) Mono chromatic probe at the height of C1 lens, (b) Central part of the probe as selected 

by parallel slit and (c) Selected area diffraction pattern from CrO2 / TiO2 along 001 zone axis and <200> 

and <110> spots are indexed. Copyright (2012) by Elsevier [33]. 
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Parallel probe (for obtaining spot like diffraction pattern) is essential for EMCD experiment 

to allow the extraction of EMCD signal from the desired positions in between the diffraction 

spots unlike the convergent beam case where the diffraction spots are discs like and difficult to 

place the aperture in between the broadened discs. The EMCD signal is extracted in the 3-beam 

condition from the positions 1 & 2 or 3 & 4 on the Thales circle as shown in Fig. 2.4.   

 

Figure 2.4.The three beam diffraction pattern marked with positions 1, 2, 3 and 4 at the symmetric 

positions on the thales circle drawn connecting the direct and diffracted beams. The EMCD signal can be 

extracted taking the difference of the signal from position 1 & 2 or from position 3 & 4. Copyright (2012) 

by Elsevier [33]. 

Cr L2,3 signal obtained in parallel mode illumination (mono focus spread at C1 is ~ -24) and 

mono probe illumination (mono focus spread at C1 is ~ 0, highly converged) with inserted slit to 

select the central bright region are compared in Fig. 2.5. An improvement ~ 200,000 (~ 60%) in 

terms of counts/intensity can easily be obtained with mono probe illumination for the same 

exposure time and area of acquisition.  Parallel illumination is important as we know from 

previously published results that the EMCD signal degrades with increasing convergence angle 

(spread in the range of k vectors increases with the increase in probe convergence angle which 

reduces the EMCD signal) [11]. Therefore, small probe (down to few Å) along with parallel 

illumination (or very little convergence) are required for near atomic resolution (few nm) and 

better dichroic signal. With mono probe illumination we can easily work with parallel 

illumination with spatial resolution close to 5 nm (at spot size 3) while maintaining excellent 

signal to background ratio for energy filtered diffraction pattern image acquisition. 
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Figure 2.5. Comparison of signal over background between Cr L2,3 spectra acquired with mono probe 

parallel beam illumination and usual parallel beam illumination. Copyright (2012) by Elsevier [33]. 

2.2.2.1 EMCD Spectra Acquisition and Data Analysis Method 

 

Figure 2.6. Energy-filtered diffraction patterns acquired in scanning the Cr L2,3 edge with 1 eV energy 

step. The Cr L2,3 is plotted by extracting the intensities from the positions 1 and 2 as a function of energy. 
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Energy filtered diffraction pattern imaging was acquired using a Gatan Tridiem camera in 

a filtered series acquisition mode. Gain correction and GIF tuning (up to 3
rd

 order) were 

performed to account for uniform signal response and isochromaticity. Energy Filtered series 

was acquired with 1 eV energy slit with an energy loss step of 1 eV for the energy range 565-590 

eV as shown in Fig. 2.6. Each image was acquired with 15 sec exposure time with a total 

acquisition time of ~ 390 sec. Crystal is tilted to obtain a three beam diffraction geometry 

(experiments were performed with g = 110 and 200 excitations) for which more symmetrical 

EMCD signal was reported on Thales circle compared to two beam case where EMCD signal 

distribution is more towards the diffracted spots [12, 13]. The data is extracted from the energy 

spectroscopic images by placing a digital aperture (0.5g × 0.5g) on opposite sides of Thales 

circle (at position 1 and 2 as marked with red circle in Fig. 2.6 and plotted as a function of 

energy loss of the image using a homemade FORTRAN code which reads the intensity value of 

each pixel of the energy spectroscopic image. It also detects and removes any spurious X-ray 

spots from each image. The algorithm of the FORTRAN code is shown in Fig. 2.7. 

 

Figure 2.7. The flow of algorithm followed for writing the FORTRAN programming code to extract the 

EMCD spectra from the energy-filtered diffraction data sets. 

1

4 3

2

Beam 1

Beam 3

Beam 2

Finding the centre of the direct and the diffracted beams 

from all the images

Locating the aperture positions 1, 2, 3, 4 in all the images

Plotting the difference in intensities at positions 1&2 or 

3&4 for each image with respect to the energy

Removing any spurious X-rays from all the images by 

replacing them with an averaged value from nearby pixels

X-rays
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2.2.3 Effect of Choice of Reciprocal Lattice Vectors on the EMCD Signal 

Dynamical nature of electron diffraction and propagation of Bloch waves inside the 

crystal results in oscillation of EMCD signal as a function of sample thickness [14]. Larger 

reciprocal vectors (g) have larger extinction distance,
g [15]  for a given material and therefore 

the choice of larger ‘g’ allows working with thicker samples during EMCD experiments. Typical 

values of extinction distance for CrO2 for different ‘g’ vectors along with the amplitude at 300 

kV is given in Table 2.1. Figure 2.8 (a) shows the oscillation of two different Bloch waves as a 

function of sample thickness considering absorption using simplified expression given in Eq. 

(2.1). Figure 2.8 (b) is the corresponding simulated EMCD signal using ‘bw code’ for 3-beam 

geometry. Here, MDFF is simulated for a simplified case by Löffler et al. case to account for 

dipole transitions in one-electron case under first order Born approximation [16].  

 

Figure 2.8. (a) Bloch waves propagation through crystal for g = 200 and g = 110 under two beam 

diffraction condition as a function of crystal thickness at 300 kV. The wave along g =110 oscillates with 

higher frequency than g= 200 vector and has smaller extinction distance compared to g = 200. (b) 

EMCD signal variation as a function thickness corresponding to g = 110 and 200. Copyright (2012) by 

Elsevier [33]. 

We see that amplitude of the Bloch wave for smaller ‘g’ vector oscillates with higher 

frequency with respect to thickness when compared to that of larger ‘g’. This results in 

significant variation in the signal with a very small change in the thickness of the sample and 

also at certain thicknesses the signal may be very poor. This results in difficulty in carrying out 

comparative studies of different samples for which thickness at a given area may not be exactly 
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the same. We acquired EMCD spectra with two different ‘g’ vectors, namely 110 and 200. 

Reciprocal lattice vector g = 200 has large 
g  (~ 271.25 nm) but lower amplitude compared to g 

= 110 (
g ~ 65.64 nm).  

g g '

g

π π
  α sin exp

g

t t


 

   
       

              

                                          ... (2.1) 

The terms in Eq. (2.1), 
g  

represents the amplitude of the diffracted beam for reflection 

‘g’ and the intensity is given by 
2

g| | , ‘
gα ’ is the Bloch wave excitation amplitude and is a 

constant in the absence of absorption inside the crystal, ‘t’ is the thickness of the crystal, ‘
g ’ 

which is  referred to as ‘extinction distance’ is the characteristic length for reflection ‘g’ and 
'

g

is the absorption length and is typically equal to 10
g .  

 

Figure 2.9. Cr L2,3 spectra for two different reciprocal vector (a) g = 200 and (b) g = 110 acquired from 

~ 50 nm thick area. Clear dichroic signal is obtained for g = 200 case compared to g = 110. Copyright 

(2012) by Elsevier [33]. 
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Although the amplitude of 200 reflections is much less compared to 110 reflections, we 

have nevertheless obtained excellent counts even with higher ‘g’ vector. As at least half the 

extinction distance is required to generate sufficient diffracted beam therefore there is a 

minimum thickness from which one can acquire optimum dichroic signal and this is simply half 

the extinction distance. However, for larger g = 200 vector decaying of amplitude due to 

absorption is small as compared to g = 110 beam. From Fig. 2.8 (b) one can see that EMCD 

signal for g = 200 Bloch wave does not oscillate rapidly as a function of specimen thickness as 

compared to g = 110. Fig. 2.9 provides a comparison of experimental dichroic signal between 

110 and 200 diffracting vectors at a thickness ~50 nm. The thickness of areas from where signals 

were acquired was in the range of 30-80 nm. Clear dichroic signal is obtained with g = 200 at 

both the L3 and L2 peaks. The dichroic signal for 110 vectors is poor because the optimum 

thickness is around 20 nm and at this thickness range the amplitude decays rapidly (Fig. 2.8 (a)). 

Table 2.1.Various diffracting planes in CrO2 and corresponding extinction distances. (Using JEMS 

electron microscopy software, P. Stadelmann, 1999-2009). Copyright (2012) by Elsevier [33]. 
 

 ( h k l ) 
Extinction Distance (

g ) 

(nm) 

d-spacing  

(Å) 

Amplitude (
gα ) 

(per unit cell volume) 

Bragg angle 

(mrad) 

100 0.00 0.4419 0.000 2.23 

110 65.6419 0.31247 11.63946 3.15 

101 120.39357 0.24315 6.34614 4.05 

111 129.2782 0.21303 5.90999 4.62 

222 147.77462 0.10652 5.17009 9.24 

400 179.70273 0.11048 4.25152 8.91 

310 202.99686 0.13974 3.76371 7.04 

210 204.04537 0.19762 3.74442 4.48 

200 271.24716 0.22095 2.81674 4.45 

221 449.16247 0.13767 1.70099 7.15 

 

2.2.4 EMCD along Two Different Growth Orientations 

EMCD Experiment has been performed with mono probe illumination as described in Sec. 

2.2.2 on CrO2 epitaxial thin films grown along two different growth orientations i.e., (100) and 

(110) on respective TiO2 substrates with film thickness ~ 45 nm [10]. Our aim was to understand 

the response of EMCD signal to these two growth orientations of CrO2 at room temperature and 



28 Chapter 1                                                                         EMCD of CrO2 Epitaxial Thin Films 

 

whether it is possible to distinguish any difference in the moment values between the two films. 

Cr L3 and L2 peak appeared approximately at 577 and 585.4 eV respectively with peak-to-peak 

separation energy of about 8.4 eV. EMCD spectra were background subtracted (with an 

exponentially decaying background function) and interpolated to 2000 points using cubic spline 

method before analyzing and calculating the orbital and spin moment (morb/mspin) ratio. Fig. 2.10 

shows the Cr L2,3  scan for two different films with g = 200 diffracting vector under three beam 

geometry. Excellent dichroic signal (4-5 %) is obtained at both L3 and L2.  

 

Figure 2.10. Experimental Cr L2,3 spectra for two different orientation of CrO2 thin films, (a) (100) and 

(b) (110) growth orientation. The Cr L3, L2 peaks appear at 577 eV and 585.4 eV showing peak-to-peak 

separation energy of ~ 8.4 eV. (c) shows the EMCD spectra of both (100) and (110) films and (d) shows 

the integral of EMCD plot for both the films. Copyright (2012) by Elsevier [33]. 

Applying the EMCD sum rules on the experimental spectra, we obtained the morb/mspin to be 

-0.0155 and -0.0373 for (100) and (110)-oriented films respectively (see Table 2.2). This 

indicates that the spin moment is smaller for (110) film compared to (100) film (since the orbital 

moment remains the same for both the films [17,18]). This trend in terms of relative values is in 
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disagreement with the previous XMCD and Quantum Design Superconducting Quantum 

Interference Design (SQUID) measurements from a similar set of films [10].  

However, for CrO2 there are some well known issues associated with calculation of 

magnetic moments using sum rules. One is weak spin orbit coupling in CrO2 leading to 

significant spectral overlap between L3 and L2 edges resulting in 5-15 % error in the spin sum 

rules [19,20]. Additionally, the transition is not from pure p3/2 and p1/2 states rather from a 

quantum mechanical superposition of states known as jj mixing. Moreover, distorted oxygen 

octahedra of CrO2 are responsible for significant contributions to dipole moment term, zT  in the 

sum rule which is normally ignored during determination of moments in the case of 3d elements. 

To take into account the jj mixing effect, a correction factor 2 was used in the estimate of spin 

moments. But this also led to very high spin moments in the case of CrO2 (2.4 µB per Cr atom) 

[21]. More accurate determination of moments requires methods such as moment analysis of the 

spectra i.e., analyzing spectra in terms of different excitation channels, core hole excitation life 

time as well as consideration of contribution from natural dichroism [18,19,21]. However, 

mindful of these issues we have continued our analysis using both the EMCD and XMCD sum 

rules to calculate the orbital to spin moment ratio (as individual determination will involve 

determination of parameter ‘K’ as discussed in Chapter 1.1.2).  

Table 2.2. Moments ratio calculated by both EMCD and XMCD sum rules in respective experimentations 

for two different growth orientation with g = 200. Copyright (2012) by Elsevier [33]. 

 

 

 

2.3 Density Functional Theory based XMCD Calculations 

Apart from the discrepancy between the experimental dichroic signal from EMCD 

(higher for strained film) and XMCD (higher for relaxed film) at room temperature, there is also 

a discrepancy reported between the experimental Curie temperature and theoretical exchange 

constant calculated using first principles for strained and strain-free films [8]. The variation of 

Growth orientation 

EMCD sum rules  XMCD measurement 

(morb∕mspin)  (morb∕mspin) morb mspin 

 

100 
 

-0.0155  
 

-0.025 
 

-0.03±0.005 
 

1.2±0.2 

110 -0.0373  -0.0167 -0.03±0.005 1.8±0.3 
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exchange constant with temperature and internal lattice parameter of oxygen (uo) are believed to 

be responsible for such discrepancy. Therefore, we have simulated electron spin-density 

functional theory based density of states and XMCD spectra under generalized gradient 

approximation (GGA) in WIEN2k for the case CrO2 [22]. XMCD spectra can be calculated for 

any system for which a Wien2k ground-state calculation is carried out. We simulated 

experimental bulk, GGA relaxed (corresponds to (110) film) and strained lattice (corresponds to 

(100) film) CrO2 structures [10]. Oxygen internal lattice parameter (uo) is relaxed to study its 

effect on atom specific and net magnetic moments. 

 

Figure 2.11. Theoretical calculation of XMCD and DOS spectra for both types of CrO2 films, (a), (c) 

shows the XMCD and DOS from (100) strained film respectively and (b), (d) shows the XMCD and DOS 

from (110) relaxed film respectively. (e) shows that integrated XMCD plot for two different films where p 

and q are found to have same sign. Copyright (2012) by Elsevier [33]. 
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The matrix elements corresponding to the photon absorption cross section with respect to 

polarization of light and the sample magnetization are calculated within dipole approximation 

[23,24]. In order to describe core and valence electrons, an all-electron linearized augmented 

plane wave (LAPW) [25-27] scheme is employed under GGA approximation which is 

considered to be one of the accurate methods for the description of magnetic properties. We 

considered a spin-polarized and spin-orbit coupled system as they are recommended for highly 

correlated electron systems like CrO2. Orbital dependent potential is introduced to calculate 

orbital moments along with the spin moments. Dense k-mesh is generated (with 3000 k-points) 

in the whole Brillouin zone. The X-ray absorption spectra and eigenvalues are evaluated 

following the procedure given in Ref. 23. The collinear spin arrangement of Cr atoms is assumed 

though other configuration away from collinear spin arrangement has been reported [28].  

2.3.1 Comparison between Calculated and Experimental Spectra 

Density of states (DOS) plots shows that both relaxed and strained lattice are half-

metallic in character (see Fig. 2.11 (a) and Fig. 2.11 (b)). The total moment at Cr atom is found 

to be slightly higher (~1.928 µB) for strained film as compared to the relaxed (~1.909 µB) film 

with relaxed uo. Calculated moments show that lattice strain does not have any significant 

influence on net moments. Table 2.3 summarizes the calculated Cr and O spin and orbital 

moments. The relaxation of uo was found to have no significant influence on the calculated 

moment values. The corresponding XMCD spectra for the strained lattice with relaxed uo and 

bulk relaxed lattice are shown in Fig. 2.11 (c) and Fig. 2.11 (d) respectively. The spectra have 

been convoluted with 0.3 eV and 0.5 eV FWHM Lorentzian at L2 and L3 respectively [23]. 

Different broadenings at L2 and L3 are used as the p1/2 core-hole has a channel (the super-Coster-

Kronig process p1/2 → p3/2) which is not available for p3/2 and thus experimental L2 line is wider 

than L3 [23,24]. Spectra are finally convoluted with 0.2 eV FWHM Gaussian line shape to 

account for spectrometer resolution [29].  

The peak to peak shift between L2,3 majority and minority spin spectra is found to be  

~0.1 - 0.2 eV in both experiment and theory leading to crossing of spectra on the sides (as 

marked by green arrow in Fig. 2.11(c)). This crossing causes EMCD spectra to change sign for 

the same absorption edge (Fig. 2.11 (c)). Theoretically the integrated XMCD curve for a given 
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edge is not zero whereas different experimentation show that this may or may not be to zero 

[10,18,30]. Slight asymmetry is observed in the crossing of the experimental EMCD spectra on 

both sides of peak and this may have to do with the different energy loss mechanisms and core-

hole life time for two different types of spin transitions. The comparison of broadening and 

asymmetry (i.e. decomposition of FWHM on either side of peak) between experimental EMCD 

and theoretical XMCD L2,3 spectra are shown in Table 2.4. The percentage of dichroic signal 

obtained from theoretical spectra is ~ 9 - 10 %.  Application of sum rules for 3d transition metals 

(without taking into consideration any correction factors for light TM elements) reveals spin 

moment 1.70 µB for (110) film (relaxed) as compared to 1.79 µB for (100) film (strained). Orbital 

moment is found to be ~0.06 µB for both the films. 

Table 2.3. Calculated moments by DFT and after application of XMCD sum rules on the calculated 

XMCD spectra. Copyright (2012) by Elsevier [33]. 

Film growth orientation 

DFT calculation 

 

XMCD sum rule applied to 

DFT calculated spectra 

Cr mspin 

(μB) 

Cr morb 

(μB) 

Omspin 

(μB) 

O morb 

(μB) 

Cr mspin 

(μB) 

Cr morb 

(μB) 

Cr 

(morb/mspin) 

100 (partially strained film) 1.9285 -0.0328 -0.087 0.0001 1.793 0.062 0.0345 

110 (relaxed film) 1.9091 -0.0314 -0.0661 0.0001 1.70 0.064 0.0376 

 

However, the integrals of the XMCD spectra,  
3L

p d    
 

and 

 
3 2L L

dq    


 
 
have opposite signs in the experimental spectra (as applied to EMCD) 

whereas they have same sign in the calculated spectra.  Application of sum rules on calculated 

XMCD spectra underestimates moment values as well as the incorrect relative orientation of spin 

and orbital moment (same sign of p and q obtained from integrated spectra) compared to DFT 

calculation. Smaller moment values using sum rules may be due zT  term negligence, as well as 

using n3d = 2 without correcting for hybridization. This is showing a clear deviation in the 

moment values obtained using sum rules applied on either EMCD/XMCD spectra in its 

simplified form for 3d elements as first demonstrated by Wu et al. [31,32].  
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Table 2.4. The comparison of broadening and asymmetry between experimental EMCD and theoretical 

XMCD L2,3 spectra. Copyright (2012) by Elsevier [33]. 

Spectra 
Growth 

Orientation 

L2,3  

Spin Up(↑)/ 

Spin Down(↓) 

L3 

 

L2 

FWHM 

(eV) 

Asymmetry 

(eV) 

FWHM 

(eV) 

Asymmetry 

(eV) 

Experimental 

(EMCD) 

100 
↑ 4.16 2.18 1.98 

 

3.94 1.87 2.07 

↓ 4.97 2.42 2.55 3.87 1.87 2.01 

110 
↑ 4.62 2.31 2.31 5.1 2.31 2.79 

↓ 5.27 2.31 2.79 4.08 1.97 2.11 

Calculated 

(XMCD) 

100 
↑ 3.3 1.36 1.94 4.21 2.06 2.15 

↓ 3.86 1.79 2.06 3.60 1.36 2.24 

110 
↑ 3.86 1.43 2.43 4.45 2.05 2.4 

↓ 4.23 1.82 2.41 3.94 1.47 2.47 

 

The possible discrepancy between the XMCD and EMCD estimate of moment ratio could 

result from inherent nature of diffraction based interference origin of dichroic signal in EMCD 

compared to absorption spectroscopy based XMCD [33]. The trend in the dichroic signal and 

moment ratio obtained from EMCD between (100) and (110) oriented films is found to be the 

same for many experimental trials and possible cause could be the effect of strain (in case of 100 

film) on the EMCD signal. Strain might affect EMCD signal by changing Debye Waller factor as 

well as different defect structure in the relaxed film and modify thermal diffused scattering in the 

diffraction plane non-uniformly (as strain is tensile along a direction and compressive along b 

direction, and the diffraction pattern was taken along c direction). Additionally, discrepancy 

between theoretically calculated exchange constant, DFT calculation of magnetic moments 

(carried out at 0 K and no entropy factor) and experimental Curie temperature may be due to 

neglecting the entropy factor in the total free energy calculation. As strain energy increases the 

free energy of the system, therefore the free energy minimization at room temperature demands 

increase in entropy by randomizing spin orientation in case of strained (100) film relatively more 

compared to relaxed (110) film and leading to lower Curie temperature. The role of defects in the 

case of relaxed film which is resulting in higher Cr spin moment and how it affects the 
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experimental nanoscale EMCD technique also need to be studied to understand the possible 

reasons for the discrepancy between the XMCD and EMCD calculated moments ratio. 

2.4 Conclusions 

EMCD experiment has been performed on CrO2 epitaxial thin films grown along (100) and 

(110) growth orientations on respective TiO2 substrates. Mono probe illumination using gun 

monochromator excitation to acquire EMCD signal improves the signal significantly. An area as 

small as ~5-10 nm
2
 can be accessed with this probe which is essentially a plane wave 

illumination. Such a parallel probe results in spot like diffraction pattern that is helpful during 

EMCD signal acquisition under energy spectrum imaging mode. It is found that (200) type of 

diffracting vector with higher extinction distance allows better EMCD signal from relatively 

thicker part of the sample. The discrepancy in the moment ratio from XMCD and EMCD is 

experimental observation, and is independent of the theory used to interpret. Further studies need 

to be done in applying the EMCD sum rules to calculate the orbital and spin specific magnetic 

moments particularly in the case of transition metal compounds like CrO2 where variations in 

dichroic spectra have been reported in the literature. Also the role of defects in the observed 

experimental EMCD results needs to be understood. 
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Chapter 3 

 

 

Quantitative and Site-Specific EMCD of 

NiFe2O4 and CoFe2O4 Spinel Oxide Epitaxial 

Thin Films 

 

This chapter presents our results on evaluation of ‘K’ parameter in EMCD sum rules and 

determination of site-specific spin and orbital moments in technologically important NiFe2O4 

and CoFe2O4 inverse spinel oxide thin films. A Bloch wave absorption model is presented to 

evaluate site specific contribution to EMCD signal for the inverse spinel structure.  

This work has been published in the following journals. 

 Physical Review B 91 (2015) 134412. Copyright (2015) by American Physical Society. 

 Journal of Applied Physics 116 (2014) 103505. Copyright (2014) by American Institute of 

Physics. 

 Journal of Crystal Growth 345 (2012) 44. Copyright (2012) by Elsevier. 

 Journal of Crystal Growth 390 (2014) 61. Copyright (2014) by Elsevier. 



38 Chapter 3                                       EMCD of  NiFe2O4 and CoFe2O4 Epitaxial Thin Films 

 

3.1 Introduction 

Electron Magnetic Circular Dichroism (EMCD) is an element specific bulk sensitive 

magnetic characterization technique in a Transmission Electron Microscope (TEM) for the 

evaluation of orbital (mL) and spin (mS) magnetic moments at nanoscale [1-4]. Indeed, with 

suitable theoretical guidelines atomic-scale information can be obtained [5,6]. Though there are 

several reports on its development and applications to various materials, the technique is still 

confined to the evaluation of moment ratio (mL/mS) values [4,7,8]. This is due to the fact that the 

EMCD signal is dependent on a number of factors, primarily the choice of reciprocal lattice 

vectors, specimen thickness and ‘K’ parameter etc. [3,9]. Without precise determination of these 

parameters it is practically impossible to determine the individual mL and mS values for a given 

material using the EMCD sum rules. The present chapter discusses on the site-specific 

quantitative EMCD (evaluation of individual mL and mS values) of two different ferromagnetic 

spinel oxides, namely NiFe2O4 (NFO) and CoFe2O4 (CFO). A phenomenological model based of 

Bloch wave absorption was developed to evaluate site specific magnetic moments for the inverse 

spinel structure.  

3.2 Thin Film Growth, Structural and Optical Properties of NFO and CFO 

Nickel Ferrite (NiFe2O4) and Cobalt Ferrite (CoFe2O4) are well-known and technologically 

important materials due to their attractive properties.  These are ferrimagnetic insulators 

(semiconductors) with inverse spinel structures. Wide range of applications of these materials is 

possible due to their high curie temperatures of 850 K and 800 K for NiFe2O4 and CoFe2O4, 

respectively. NiFe2O4 has applications in microwave integrated devices [10], magnetoelectric 

coupling heterostructures [11-13], and active barrier material for emerging class of spintronic 

devices known as spin filters [14-16]. These are possible due to its high Curie temperature, large 

exchange splitting, and potentially large tunnel magneto-resistance effect. CoFe2O4 has relatively 

large magnetic anisotropy, moderate saturation magnetization, remarkable chemical stability and 

good mechanical hardness. 

Atomically smooth epitaxial thin films of NiFe2O4 and CoFe2O4 were grown on MgAl2O4 

substrates by Direct Liquid Injection – Chemical Vapor Injection (DLI-CVD) method developed 

at University of Alabama [17,18] were studied in this quantitative EMCD experimentation.  

CVD method offers a number of advantages over other deposition methods such as, large area 
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deposition, excellent step coverage and relatively high growth rates. DLI-CVD technique, which 

can generate a vapor from a liquid solution at relatively low temperatures (<200 ºC) is 

particularly useful method for multi component systems as several precursors can be dissolved in 

the same solution and relative delivery rates of precursors are defined by the solution 

composition. NFO and CFO films used in EMCD studies are grown on <100> oriented MgAl2O4 

(MAO) substrate at 800 °C and 690 °C temperatures respectively. 

 

Figure 3.1.(a) TEM cross-sectional diffraction contrast image from NFO grown on MAO substrate. 

Threading dislocations are marked in the image. (b) High resolution TEM image from dark diffused 

contrast area and (c) magnified view of (b). Copyright (2014) by American Institute of Physics [19]. 

 

Figure 3.2. (a) and (b) are the schematic of spinel NFO structure and corresponding HRTEM image. (c) 

and (d) are the schematic and HRTEM image from two different antiphase domains in projection. . 

Copyright (2014) by American Institute of Physics [19]. 
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The microstructural investigation of these films done previously by transmission electron 

microscopy revealed that along with the presence of threading dislocations (Fig. 3.1 (a)) there are 

also certain regions of dark diffused contrast areas as shown in Fig. 3.1 (b). High resolution 

Transmission Electron Microscopy (HRTEM) performed on these dark contrasted areas revealed 

that these areas consisted either two different antiphase domains along the beam direction or due 

to the presence of A-site cation defects as shown in Fig. 3.1 (c) [19-21]. The schematic ideal 

spinel structure of NFO along <100> zone axis is shown in Fig. 3.2. The octahedral and 

tetrahedral atom positions are indicated in Fig. 3.2 (a) and Fig. 3.2 (b) shows the corresponding 

high resolution TEM image. Fig. 3.2 (c) and Fig. 3.2 (d) schematic structure and high resolution 

image of the regions with two different anti-phased domains in projection. Fig. 3.2 (d) is the 

view of atomic arrangement from a region where two different domains with ¼<110> translation 

vectors are superimposed. Apart from the presence of antiphase domains, these structures are 

also found to have A-site cation vacancy regions as shown in Fig. 3.3. Regions X and Y in Fig. 

3.3 indicate the regions of A-site cation defects and regular inverse spinel structure with alternate 

tetrahedral sites filled respectively in both NFO and CFO. 

 

Figure 3.3. High resolution TEM image showing the tetrahedral A site cation vacancy regions (marked as 

X) along with regular lattice structures (marked as Y) from NFO and CFO along the <100> zone axis. 

For regular periodicity, alternate tetrahedral sites are vacant (schematic Y) but for A site vacancy 

regions, atoms are missing from the tetrahedral sites (schematic marked as X). Copyright (2014) by 

American Institute of Physics [21]. 
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We also have performed HAADF-STEM (High angle annular dark field-scanning 

transmission electron microscopy) imaging as shown in Fig. 3.4 to characterize the local atomic 

arrangement of as-deposited NFO films [20]. The marked regions A and B indicate the two 

different atomic arrangements in this structure. In the area A, alternate tetrahedral voids can be 

observed to be filled and in the area B, no tetrahedral voids are filled.  This may be correlated 

with the dark diffused contrast observed in HRTEM images shown in Fig. 3.1 and Fig. 3.2. This 

different atomic arrangement has origin at the film-substrate interface. Such structural deviations 

and different cation arrangements can influence the optical and magnetic properties of these 

materials. 

 

Figure 3.4. STEM-HAADF image from NFO grown on PZN-PT substrate. A and B are two regions 

where cations have different arrangements. Only octahedral positions are filled in region A whereas 

usual alternate tetrahedral positions are observed to be filled in region B. Copyright (2012) by 

Elsevier [20]. 

 

 Nanoscale optical absorption spectroscopy studies by spatially resolved high resolution 

electron energy loss spectroscopy (HREELS) have been performed on these films from dark 

diffused contrasted regions [21]. Experimentally, both NFO and CFO show indirect/direct band 

gaps around 1.52 eV/2.74 eV and 1.3 eV/2.31 eV respectively corresponding to the ideal inverse 

spinel configuration with considerable standard deviation in the band gap values for CFO due to 

various levels of deviation from the ideal inverse spinel structure. Direct probing of the regions 
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in both the systems with tetrahedral A site cation vacancy regions shows significantly smaller 

band gap values. 

3.3 Experimental Methods and Computational Details 

TEM cross-sectional and plan view samples were prepared by conventional mechanical 

polishing and then Ar ion milling as already discussed in Chapter 2.2.1. Experiments were 

performed in a FEI TITAN
3TM

 80-300 kV aberration corrected TEM with monochromatic probe 

illumination. Monochromatic probe significantly improves the signal to noise ratio as already 

discussed in Chapter 2.2.2. [7]. 2-beam geometry (2BC) was used for EMCD experimentation 

because for sufficiently smaller and larger window size, i.e. 0.25g×0.25g and 0.5g×0.5g (g 

represents the reciprocal lattice vector),  which ensures mL/mS  ratio similar between 2BC and 

3BC geometry[4]. Moreover, working with 2BC geometry is found to result in higher dichroic 

signal obtainable due to equal amplitude of the direct and diffracted beams unlike the 3-beam 

(3BC) case where EMCD signal reduces due to the unequal amplitudes of the direct and the two 

diffracted beams and decrease in the magnitude of the imaginary part of mixed dynamic form 

factor. 

Ferrimagnetic NiFe2O4 and CoFe2O4 inverse spinel structures were considered for 

calculating the density of states and the site specific magnetic moment on each atom along with 

total magnetic moment in Wien2k [22]. The cohesive energies were calculated for different 

structural configurations with varying cation distributions [21]. Spin-polarized and spin-orbit 

coupled system with orbital polarization are considered to enable the calculation of both spin and 

orbital moments. A dense 14×14×14 k-mesh is used for integration of the Brillouin zone based 

on tetrahedron integration scheme. The system lattice parameters are fully relaxed by using 

GGA-PBE exchange correlation functional with self-consistent field cycles performed until the 

energy and charge values are below the convergence criterion of 0.0001 Ry and 0.001 e 

respectively. Force minimization is performed to ensure the forces between the atoms to be 

below 1 mRy/bohr. PBE-GGA functional cannot predict the exact excited state properties. So the 

recent method development by F. Tran and P. Blaha [23,24] to calculate the exact excited state 

properties, known as the ‘modified Becke-Johnson’ exchange correlation potential (mBJLDA), 

has been used to correct  the band gap in these systems. This method is more accurate and 

comparatively less compute-intensive. It was found that NFO exists in inverse spinel structure 
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while CFO is susceptible to structural changes with cation mixing and A-site cation vacancies. 

The calculated atom and site-specific magnetic moments are listed in Table 3.1 that will be 

referred for interpreting experimental EMCD results. 

The X-ray magnetic circular dichroism (XMCD) spectra are simulated using WIEN2k code 

following is same procedure as described in Chapter 2.3. We have carried out XMCD calculation 

instead of EMCD as the latter has so far not been implemented within the WIEN2k code and 

there should not be any significant difference in the percentage dichroic signal between the two 

as the cross section expression for both are equivalent within the dipole approximation except in 

terms of the magnitude for the individual spectra [1, 2]. The spin and orbital moments and their 

ratio are evaluated from the calculated spectra using the XMCD sum rules [26,27] and are 

compared with the DFT predicted values as given in Table 3.2. 

3.4 Results and Discussion 

3.4.1  Dichroic Signal from Theory and Experiment: Discrepancy in the Magnitude 

We consistently observed two important characteristics in the experimental EMCD 

spectra. Firstly, the experimentally obtained percentage dichroic signal is always smaller than 

that obtained from the first principle based calculations. Secondly, the absolute dichroic signal 

percentage measured by the ratio between the dichroic signals at an individual edge to the total 

sum signal is always much smaller for L2 edge as compared to that at the L3 edge for the 

investigated range of thicknesses (as indicated by C and D respectively for percentage dichroic 

signal at L3 and L2). Figure 3.5 shows an example experimental EMCD spectra in NFO for g = 

400 diffracting vector along with the theoretical XMCD spectra. Table 3.1 is the summary of the 

magnetic moments obtained using the EMCD sum rules applied on the experimental spectra, 

XMCD sum rules applied on the calculated XMCD spectra and moments obtained directly from 

DFT calculations. From Fig. 3.5 (b) & (c) we observe that theoretically, we obtained essentially 

equal percentages of dichroic signal at L3 and L2 edges in the case of NFO. But the 

experimentally observed signal at each edge is much lower than the theoretical prediction and 

moreover the signal at L2 is always lower than that at the L3 edge. However, the magnitude of 

dichroic signal depends on the available density of states and the transition probabilities. 
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Figure 3.5. (a) Experimental example EMCD L2,3 spectra and dichroic signal for Fe at both tetrahedral 

and octahedral and Ni at octahedral sites in  NiFe2O4. C and D are the % dichroic signal with respect to 

total sum at L3 and L2 edge, respectively. (b) and (c) are that theoretical XMCD plots for atoms at the two 

sites. The graph shows discrepancy between experimental and theoretical EMCD percentage in terms of 

magnitude of signals and imbalance between L2 and L3 dichroic signal. Copyright (2015) by American 

Physical Society [38]. 

Table 3.1: Orbital (ml) and spin (ms) specific moment values for NFO obtained from the experimental  

results on NFO and CFO and by applying XMCD sum rules on the calculated XMCD spectra and from 

the density functional theory based (WIEN2k) calculations, for  ideal inverse spinel configuration. The 

experimental moment values for Oct Fe is not corrected for signal mixing from A site Fe but corrected for 

the imbalance due to particular momentum selection direction. Copyright (2015) by American Physical 

Society [38]. 

 

The experimentally observed low dichroic signal can be understood from the Bloch wave 

electron propagation and its absorption through the crystal. The imbalance in the dichroic signal 

at L3 and L2 is a result of the EMCD spectra acquisition selecting a particular momentum transfer 
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direction away from the direct beam. Such experimental issues can lead to inaccuracies in the 

quantitative evaluation of moments. Also, there are earlier reports claiming the percentage 

dichroic signal for NFO as high as 33% for Fe and 42% for Ni, though the authors did not 

address on the maximum observable limit [28] and this should not exceed the theoretical values. 

EMCD has not been widely used experimentally most likely due to these practical issues not 

having been addressed previously.  

3.4.2 Dependence of EMCD Signal on Sample Thickness 

As already discussed in Chapter 1, EMCD is an electron diffraction based technique [29] 

where a pair of equally intense Bragg spots corresponding to direct and diffracted beams are 

chosen for the simultaneous and perpendicular momentum transfer at two different positions, 

which are opposite to each other in the diffraction plane (see Fig. 3.6). These pair of diffraction 

spots (0 & g) that are phase shifted by π/2 and with perpendicular momentum transfer, 

represented by q±i.q′ (equivalent to opposite helicity of incoming photons, ɛ±i.ɛ′) drive the spin 

selected transitions from p→d states (∆l = ±1 and ∆m = ±1). 

 

Figure 3.6. EMCD experimental geometry showing perpendicular momentum transfer simultaneously by 

the direct and one of the diffracted beams (in this case g = 400) under two beam excitation. Simultaneous 

momentum transfer at two opposite positions represented by q±i.q´ is equivalent to two different helicity 

of incoming photons as ɛ±i.ɛ′ in case of XMCD. Copyright (2015) by American Physical Society [38]. 
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The incident electron beam behaves as Bloch waves due to the periodic crystal potential 

and its propagation amplitude oscillates with the crystal thickness [30,31]. Inelastic absorption of 

Bloch waves by the crystal under appropriate geometric condition (e.g., two or three beam 

orientation) is responsible for the resultant EMCD signal. Quantitative moment analysis needs 

evaluation of ‘K’ parameter (Eq. 1.8) in the EMCD sum rules to obtain mL and mS separately.  

The oscillation or pendellosung phenomenon of Bloch wave propagation in the crystal results in 

oscillation of ‘K’ with the sample thickness. Fig. 3.7 shows the oscillation of direct and 

diffracted beam amplitudes as a function of thickness for g = 400 (extinction distance ξg = 95.51 

nm, for NFO) considering the phenomenological absorption (i.e., ξ´g = 10 ξg) [31]. This also 

results in variation of ‘K’ parameter with the sample thickness. ‘K’ has been evaluated under two 

beam geometry according to the equation provided in Ref. 3 and is evaluated for two beam 

geometry under dynamical theory of diffraction as discussed in Chapter 1.1.2. It varies between 

0 and 3 and value of ‘K’ is maximum at which direct and diffracted beams amplitudes are equal. 

 

Figure 3.7. Direct and diffracted beam oscillations as they propagate through the sample thickness for g 

= 400 of NFO. Variation of K parameter with thickness is also shown. The extinction distance is ξg = 

95.51 nm. Copyright (2015) by American Physical Society [38]. 
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Therefore, it is clear that for most of the thicknesses the amplitude of direct and diffracted 

beams and thus ‘K’ are not the same during EMCD experiment (see Fig. 3.7) and this results in 

variation of dichroic signal with sample thickness. For K = 3/2, XMCD and EMCD sum rules 

become equivalent. For ‘K’ greater or lower than 3/2, there will be a concomitant increase or 

decrease in percentage of EMCD signal. Therefore, in order to explain the experimentally 

observed low dichroic signal, one need to consider the thickness averaged ‘K’ as well as 

thickness averaged percentage dichroic signal. We can understand this by carefully considering 

the oscillating nature of the Bloch wave and its absorption through the sample thickness. It is the 

absorption of the elastic Bloch waves that gives rise to inelastic signal (mostly comprised of 

phonons, plasmons and electronic excitations). A small fraction of this inelastic signal gives rise 

to the L2,3 absorption edge. Phenomenological absorption, which is a measure of the probability 

of inelastic scattering varying with sample thickness with all other parameters (e.g., exposure 

time) being constant, for both the direct and diffracted beams is plotted in Fig. 3.8 (a). This 

approach is similar to the treatment by Dudarev et al [32] but differs from the single electron 

Bloch wave treatment developed by Schattschneider et al [33]. Bloch wave model in this case is 

limited as it considers only the interference terms, which is only a small fraction of the inelastic 

waves taking part in the event and requires placing the detectors following the symmetry of the 

outgoing waves while phenomenological treatment considers signals in terms of the scattering 

cross section. It is also possible to trivially consider the thickness dependence of absorption. 

Both treatments yield essentially similar site-specific signal from spinel oxides and will be 

discussed further in section 3.4.4.  

Now, to understand how the EMCD signal vary with the sample thickness in terms of 

difference and its percentage with respect to the sum, let us first look at the cross section at two 

positions in the reciprocal space. The cross sections under two beam geometry (with incident 

waves as plane waves) at position 1 (+) and position 2 (-) are given by:  
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where, 
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a k


 ,   is the relativistic factor, a0 Bohr radius, 

ik and kf  are wave vectors before 

and after the interaction respectively.       is the differential scattering cross section for two 

different momentum transfer directions, 
2

E



 
double differential scattering cross section, q  

and qare the π/2 dephased momentum transfer vectors,      the position vector, i and f are 

the initial and final state wave functions,  i fE E E   is the Delta function that ensures the 

selected transition probability,  , ,S q q E and  , ,S q q E  are the dynamic form factors (DFF) for 

momentum transfer vectors    and     respectively and  , ,S q q E is the mixed dynamic form 

factor (MDFF). Therefore, dichroic signal and the sum at these two positions can be derived as 

given by Eq. 3.2 & Eq. 3.3 respectively. 
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where, a1 and a2 are the amplitudes of the direct and diffracted beams, and 1 22a a  . We 

consider varying amplitudes for both the direct and diffracted beams, which is in fact the 

practical situation. 

In the spin and orbital EMCD sum rules as already presented in Chapter 1, if ‘K’ varies, 

then there has to be readjustment in the left hand side of Eqs. (1.4) & (1.5) accordingly, as the 

expectation values remains constant as these are related to the property of the material. Figure 

3.8 (a) shows absorption of direct and diffracted beams as a function of thickness through the 

variation of a1 and a2 (for g = 400) (the calculation is dynamical and performed for two beam 

geometry). Fig. 3.8 (b) shows the variation in the percentage dichroic signal with sample 

thickness (Fig. 3.8 (b)). The thickness averaged dichroic signal is also shown in the same figure. 

We observe from this plot that for very small thickness there is a linear increase in the average 

dichroic signal percentage value up to 30 nm, which is ~ 0.3 ξg and beyond this, the average 
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dichroic signal does not vary strongly. In fact, experimentally we observed essentially the same 

trend where the dichroic signal does not vary significantly for higher thicknesses. Therefore, for 

a given thickness the experimental percentage dichroic signal is the integrated average over the 

thickness, and the net resultant signal will be reduced as compared to the theoretical value. This 

also signifies the advantage in using the EMCD technique due to its insensitivity to the thickness 

beyond a certain value determined by the choice of the reciprocal lattice vector. The graph 

shown in Fig. 3.8 (b) can be considered only as an indication of the trend in the variation of the 

signal with thickness but the absolute numbers can be calculated by evaluating the exact DFF 

(dynamic form factor) and MDFF (mixed dynamic form factor) for a given transition process. 

The variation of ‘K’ parameter and its thickness average is shown in Fig. 3.8 (c). The individual 

EMCD sum rules should therefore be modified accordingly after averaging over the sample 

thickness to obtain correct spin and orbital moments. 

 

 Figure 3.8. (a) Absorption part of both direct and diffracted beams (g = 400) along with total absorption 

as a function of sample thickness for g = 400 of NFO under two beam orientation.  Oscillation and 

thickness averaged (b) % dichroic signal (with respect to total sum), this has been plotted considering 

equal amplitude of either direct or diffracted wave whenever they occur with sample thickness and (c) K 

parameter with sample thickness are shown.  Both % dichroic signal and K parameter become almost flat 

beyond a certain thickness thus favoring experimental evaluation of moment values. Copyright (2015) by 

American Physical Society [38]. 

3.4.3 Dependence of EMCD Signal on Momentum Transfer Direction 

The other characteristic feature that we observed is that the experimental dichroic signal 

percentage with respect to the total sum at L2 edge is always lower compared to L3 edge for both 

the NFO and CFO films investigated in this study. For a given thickness, approximately 3-4 
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times more signal in terms of percentages can be observed for L3 edge as compared to L2 edge 

(see Fig. 3.5 (a)). The reason behind this is related to the detection of EMCD signal along a 

particular momentum transfer direction with a small collection aperture.  

 

Figure 3.9. (a) Orientation-averaged theoretical EMCD spectra along with relative orbital contributions 

for Fetet site in NFO with g = 440 diffracting condition. (b) Momentum resolved EMCD with incoming 

beam parallel to z axis of the crystal and detector position at (θx, θy) = (0.0, 0.0) with 2 mrad collection 

aperture. (c) Momentum resolved EMCD for detector position at (θx, θy) = (9.44, 0.0), which is typically 

one of the EMCD aperture positions, with same 2 mrad. collection aperture. One can observe the 

development of imbalance in EMCD signal between L3 and L2 edges. Similar observations were made for 

atoms at other sites, e.g., FeOct and NiOct and the details are given in supporting information. Copyright 

(2015) by American Physical Society [38]. 

We know that EELS is the measure of projected density of unoccupied states in the 

diffraction plane. Depending on the location of the detector, different types of anisotropic empty 

state information will be obtained. For example, it is well known from momentum resolved 

EELS experiments that if the detector is placed around the Bragg beams then the signal is 

obtained mostly along the qǁz projected orbitals [33]. On the other hand, if the detector is placed 
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at some locations other than the Bragg beams, or if the sample is tilted significantly from the 

incoming beam direction, then the information is predominantly obtained from the perpendicular 

orientation governed by the q.r quantity.  For a typical EMCD set up, the z and the beam 

direction are almost parallel, with a slight sample tilt (~4°) to achieve two-beam geometry. For 

p→d transitions (L2,3 absorption edge), L3 is mostly composed of transitions from p3/2 to d5/2 + 

d3/2 and L2 is due to transitions from p1/2 to d3/2 states following ∆l = ±1and ∆m = 0 selection rules 

corresponding to linearly polarized beam.  However, for dichroic transitions the selection rule is 

modified to ∆l = ±1and ∆m = ±1.  

In order to calculate the contributions from projected partial empty d-DOS for different 

momentum selected signal detection, we have taken the following approach. We have first 

calculated the various partial d-DOS contributions to the orientation averaged XMCD or EMCD 

spectra. The XMCD and EMCD cross sections become equivalent under dipole approximation 

with ɛ.r for X-ray which means with q.r for electrons as discussed in Chapter 1.1.1. The 

difference between the two absorption cross sections corresponding to two different helicity of 

X-ray photons i.e., ɛ±iɛ′ or momentum transfer vectors, q±iq′ for electrons equivalently gives the 

information on dichroic signal. It is this mathematical equivalence or resemblance between the 

two equations which makes EMCD similar to XMCD under specific diffraction geometry. The 

theoretical spectra should look similar for the two cases but the absolute values may differ 

because of different units and pre-factors used in the respective cross sections formula. 

Therefore, any attempt to calculate mixed dynamic form factor S(q,q′,E) in EMCD sum rules 

must yield similar results as in case of X-ray following ∆l = ±1and ∆m = ±1 selection rules for 

circularly polarized photons. S(q,q′,E) can also be evaluated from the knowledge of X-ray cross-

sections
 
equations given in Ref. 3. After evaluating the partial d-DOS contributions to the 

orientation averaged EMCD spectra, we have evaluated the matrix elements required to calculate 

the EMCD spectra at two different positions as shown in Fig. 3.9. This is based on the theory 

already explained in Ref. 33 and implemented in WIEN2k for ∆l = ±1 and ∆m = 0 selection rule 

applicable for linearly polarized case. However, when we evaluate matrix elements considering, 

∆l = ±1and ∆m = ±1 selection rule we can calculate the partial d-DOS contributions to the 

EMCD spectra. Cross DOS terms are important but we found that their contribution is negligible 

for the case of the present material. Figure 3.9 (a) shows the calculated orientation-averaged 
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dichroic signal for tetrahedral Fe in NFO with partial DOS contributions included. The 

calculation is performed manually by selecting density of states for the specific spin-selected 

transitions mentioned above. Figure 3.9 (b) & 3.9 (c) show how the partial DOS contribution to 

the spectra (for tetrahedral Fe site) change in going from the orientation-averaged spectra to 

aperture positions (θx, θy) = (0.0, 0.0) mrad around the direct Bragg beam and at (θx, θy) = (9.44, 

0.0) mrad for one of the two typical EMCD aperture positions for g = 440 orientation. The 

projected amplitude of the individual partial components on the x-y (or a-b) plane will be 

anisotropic and different for different orbitals. The percentage dichroic signal for each 

orientation is mentioned in the respective figures and one can notice the evolution of imbalance 

in percentage dichroic signal over L3 and L2 edges. We have carried out a series of calculations 

for other atoms in NFO and orientations, to show a similar imbalance between L3 and L2 signal in 

going away from direct positions (or Bragg beam) towards perpendicular q direction. 

Table 3.2: Variation in dichroic percentages along three different principle axes with two different 

detector positions for the case of NFO. Copyright (2015) by American Physical Society [38]. 

 

In addition to this, for the case of cubic crystal the appearance of diffraction pattern along 

three different principle crystallographic axes (i.e. x, y and z) are indistinguishable and we do not 

have any prior knowledge on the orientation of crystal along the beam direction (but the crystal 

knows!). Momentum resolved EELS experimentation will give different percentage dichroic 

signal along three different beam directions because of the anisotropy of d orbitals. The 

calculated results are summarized in Table 3.2. The experimentation along three different 

principle axes for NFO (g = <440>) shows that the trend is indeed according to the theoretical 

prediction. This has consequences on the quantitative moments analysis by EMCD either in 

terms of moment ratio or their individual values. The experimental results show very high mL/mS 

ratio value due to such behavior therefore one need to rectify this percentage by taking guidance 

from theory to obtain the correct moments ratio. 

 X - orientation Y – orientation Z - orientation 

(θx , θy) 
(0 , 0) (9.44 , 0) (0 , 0) (9.44 , 0) (0 , 0) (9.44 , 0) 

L3 L2 L3 L2 L3 L2 L3 L2 L3 L2 L3 L2 

Tet Fe -26.37 5.09 -26.31 3.57 -21.16 10.33 -14.49 10.44 -13.16 14.37 -24.14 7.59 
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Table 3.3: C and D values along g=440 obtained from the three different crystallographic axes of NFO. 

Copyright (2015) by American Physical Society [38]. 

NFO / g = 440 % C (Fe L3) % D (Fe L2) 

1
st
 axis 2.70 -0.59 

2
nd

 axis (plan view) 2.68 -0.65 

3
rd

 axis 1.59 -0.71 

 

3.4.4 Magnetic Dichroic Signal from NFO and CFO 

 

Figure 3.10. (a) Two independent sublattice based model for inverse spinel structure where Bloch waves 

corresponding to tetrahedral and octahedral symmetry are shown. Percentage signal contribution from 

tetrahedral Fe site relative to octahedral site with (b) g = 400 and (c) with g = 440 diffracting condition. 

The % contribution does not oscillate strongly with thickness and shows almost constant value. Copyright 

(2015) by American Physical Society [38]. 
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EMCD experiments are carried out with two different diffracting vectors, 400 and 440 

types. The corresponding extinction distances for the NFO ideal inverse spinel structure are 95.5 

nm and 78 nm respectively. These extinction distance values are calculated from average Fourier 

component of the crystal potential for a given periodicity but this is not an accurate description 

of extinction distances for spinel structure for the following reasons. 

In the case of inverse spinel structure, for 400 type reflection, 4B (2Fe↑+2Ni↑) planes will 

concentrate the channeled electrons relatively more than 2A (2Fe↓) planes and for 440 type, 

4A+4B (4Fe↓+2Fe↑+2Ni↑) planes channel more electrons as compared to 4B (2Fe↑+2Ni↑) 

planes. The above understanding is qualitatively developed based on relative atomic density for a 

given plane. Therefore, with 400 and 440 diffracting vector, signals from octahedral Fe, Ni and 

tetrahedral Fe were previously assumed to dominate the EMCD spectra, respectively [28]. This 

notion is not correct and significant contributions from other sites will be present. For g = 400 

diffraction condition, it was previously shown that the percentage contribution from tetrahedral 

and octahedral Fe sites will approximately be equal at the exact Bragg condition [34].  The above 

calculation was based on atomic site dependent evaluation of EELS cross section under two 

beam condition (single electron model with Bloch wave formalism) for a given aperture position 

(due to the treatment of inelastic waves as Bloch waves) and specimen thickness.  This 

calculation assumed the same average extinction distance for both the tetrahedral and octahedral 

400 periodic planes, which is not the correct picture (see Fig. 3.10 (a) for schematic). Therefore, 

we have taken a different and simpler approach, which provides insight into the physical 

processes involving electron channeling through specific atomic planes and its absorption, which 

is probabilistic in nature. We have calculated the Fourier component of crystal potential 

separately for atomic planes (e.g., 4B and 2A separately for 400 reflection) having same 

periodicity (400 and 440 in the present case) formed by the octahedral and tetrahedral atoms 

corresponding to two independent sub-lattices.  Table 3.4 shows the atom averaged amplitude for 

tetrahedral and octahedral sub-lattices in NFO (similar numbers and trend are obtained for CFO).  

The calculation for sub-lattice contribution to the amplitude is performed in JEMS [35] 

after removing atoms from specific sites (e.g., to measure the effect of tetrahedral sites, the 

atoms from octahedral sites are removed). The average amplitude considering both the sites 

equals the amplitude for the lattice containing all the atoms. However, extinction distances 
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cannot be averaged in this manner and need to be evaluated from the corresponding amplitude 

separately (because of reciprocal relationship). This approach gives extinction distances 

corresponding to g = 400 as 67 nm and 375 nm for octahedral and tetrahedral sub-lattices, 

respectively. From this, absorption per atom was evaluated for a given plane that depends on  

particular atomic density of that plane.  
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Eq. 3.4 & Eq. 3.5 are the expressions for absorption by the direct and diffracted beams for a 

given plane respectively. Eq. 3.6 represents the absorption for the case of tetrahedral site at exact 

Bragg condition and similarly absorption per atom is evaluated for octahedral site also. 
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The absorption through channeling by the two sub-lattices as a function of thickness for g 

= 400 is given in Fig. 3.10 (b) along with percentage signal contribution from two different 

atomic sites. Therefore, the EMCD signal will be composed of ~51% contributions from 

octahedral Fe atoms and ~49% contributions from tetrahedral Fe atoms at exact Bragg condition. 

For 440 reflections, the tetrahedral Fe signal will be ~ 54% (Fig. 3.10 (c)). The moment value 

evaluation carried out by Wang et. al. completely ignored these mixing contributions from both 
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the sites [28]. Ignoring such contribution affects the percentage dichroic signal contribution in 

the sum rules and results in improper evaluation of the moment values. The confusion lies in the 

earlier work of authors who assumed that the tetrahedral atoms are like impurity sites and Bloch 

wave propagation through these can be ignored [36]. This is not true as one can clearly see the 

tetrahedral atoms along the zone axis imaging condition by HR-STEM, which suggests that the 

channeling through A site cations cannot be ignored relative to B sites [20,37]. However, if one 

considers all the sites then one can estimate such contributions not only at Bragg condition but as 

a function of deviation parameter, s [35]. However, the EMCD experiment with the deviation 

from Bragg condition is not recommended as the diffracted beam amplitude will be reduced and 

consequently the EMCD signal (Fig. 3.8 (a)). We have taken into consideration this mixing 

contribution from other sites along with the thickness effect on the dichroic signal and ‘K’ 

parameter. If one corrects for such relative contributions for the values listed in Table 3.4 (for 

NFO, Fe oct, ms = 0.2772, this is the value after mixing effect), then it closely matches with the 

DFT-based calculations [38]. For CFO, the mixed (both A and B site contribution) spin moment 

values are somewhat higher (Fe oct, ms = 0.8563) because of mixed cation character (see 

subsequent section for the discussion). The results are in very good agreement with the theory, 

unlike the case in Ref. 28.  

Table 3.4: Tetrahedral and octahedral sub lattice dependent amplitude and extinction distances for NFO 

and CFO structures. Copyright (2015) by American Physical Society [38]. 

Structure Diffracting  

plane 

Tetrahedral Lattice Octahedral  Lattice 

Ext. Dist. (nm) Amplitude (per Vol) Ext. Dist. (nm) Amplitude (per Vol) 

 

NFO 

(400) 375.24 2.04 67.45 11.32 

(440) 132.41 5.77 96.14 7.96 

 

CFO 

(400) 422.02 1.81 67.37 11.34 

(440) 139.69 5.46 96.12 7.94 

 

All the experimental EMCD spectra are acquired extracted according to the procedure 

discussed in Chapter 2.2.2.1. The obtained spectra are pre-edge background subtracted using a 

straight line deduction to remove any background at the L3 edge onset. Peak fitting procedure is 

followed to accurately extract the dichroic signal and get rid of any unwanted signal due to the 

noise resulting from various sources during acquisition. The fitting equation is considered such 

that it accounts for various components contributing to the intensity at each edge [38].
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Factors such as the broadening of the peak, the peak intensity, asymmetry etc., are taken 

into account in choosing the fit equation as shown in the Eq. (3.7). Gaussian and Lorentzian 

curves with asymmetry factor are used to fit the L2,3 shape as accurately as possible. Step 

function containing arctan function is fitted to model the background resulting from the core-to-

continuum transitions. In the Eq. (3.7), h2,3 represent the amplitude of the L2,3 peaks,  E2,3 the 

energy position of L2,3, ‘A’ is the Lorentzian-Gaussian mixing ratio, α is the asymmetry, 2β is the 

Full Width at Half Maxima (FWHM) of the peak. B2,3 is the amplitude and γ is the steepness of 

the arctan functions for the background. The L2,3 difference spectra obtained from the two 

positions is the dichroic signal from which the orbital and spin magnetic moments are evaluated 

using the sum rules. 

 

Figure 3.11. Example EMCD spectra for NFO with g = 400 diffracting vector. (a) From ideal inverse 

spinel structure and (b) from A site cation defect area from Fe. (c) EMCD spectra from Ni. Copyright 

(2015) by American Physical Society [38]. 
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In the case of NFO, the previously performed spatially resolved optical studies by 

HREELS revealed that the films do not show any cation mixing and the robust structure is 

inverse spinel. We observe very low dichroic signal in most of the sample regions (C = -

1.203±0.33 %) for g =400 condition (see Fig. 3.11 (a)). This is because of near cancellation of 

dichroic signal from the Fe residing at two different sites where moment directions are opposite 

to each other. A few areas give higher values of dichroic signal (see Fig. 3.11 (b), C = -

5.593±1.5%) and these correspond to A site cation vacancy regions (see Ref. 20), where in the 

absence of A site cations, the net moment contributions increases from the B site Fe [21]. Similar 

observation has been made for g = 440 diffracting condition. For Ni the dichroic signal is 

relatively strong (C = -3.13±0.58%) as there is no cancellation effect like as in the case of Fe (see 

Fig. 3.11 (c)). 

 

Figure 3.12. (a) Example EMCD spectra for CFO with g = 400 diffracting vector. (a) EMCD signal from 

ideal inverse spinel area and (b) from cation mixed area from Fe. (c) EMCD spectra from Co. Copyright 

(2015) by American Physical Society [38]. 

In case of CFO, theoretical calculation of cohesive energy suggests that the structure can 

deviate from ideal inverse spinel configurations with the mixing of B site Co with A site Fe [21]. 

For 50% mixing case one can see that B site Co adopts a low spin configuration and this is 

compensated by A site Co. This means while performing experiment with 440 and 400 

diffracting condition, octahedral Fe EMCD signal will dominate for 50% mixed case and for all 

intermediate cases [(4-x)Fe↓+xCo↓+ (2+x)Fe↑+(2-x)Co↑]  in comparison to ideal inverse spinel 

configuration. For Fe, in most of the areas we observe intermediate (C = -2.711±0.68%, see Fig. 

3.12 (a)) and in some areas higher (C = -5.229±0.69%, see Fig. 3.12 (b)) percentage of dichroic 
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signal from regions having mixed cases and A site cation defects, respectively. This is the first 

time that EMCD has been used to study the cation mixing effect in spinel oxide system and the 

uniqueness of the technique is demonstrated in comparison to its X-ray counterpart. For Co we 

see higher percentage of dichroic signal. This is because for mixed case, A site Co will have 

higher magnitude of moment (2.54 µB per atom) compared to B site Co (0.81 µB per atom) (see 

Fig. 3.12 (c)) [21]. 

3.5 Conclusions 

Element and site-specific quantitative magnetic moment is evaluated by EMCD for two 

important spinel oxide thin films, NiFe2O4 and CoFe2O4. Nanoscale magnetism by EMCD is 

demonstrated to be extremely useful in obtaining atom specific and site specific spin and orbital  

magnetic moments from the regular inverse spinel structure, as well as from the distinguishing 

regions with A site cation defects and cation mixed configurations. We have found that the 

dichroic signal is much lower compared to theoretically predicted values and an imbalance in the 

dichroic signal exists between the L3 and L2 edges. The former is explained by the oscillating 

nature of dichroic signal with sample thickness and its thickness average is less than the 

theoretical value. The latter observation has been related to the momentum resolved signal 

detection during EMCD experiment. A simple model based on phenomenological absorption is 

exploited for calculating not only the site specific contributions of signals from inverse spinel 

configuration but its thickness dependence as well.  
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Chapter 4 

 

 

Epitaxial Thin Film Growth of ZnO and Mn/Co 

alloyed ZnO by Pulsed Laser Deposition - 

Structural and Magnetic Characterization 

 

 

 

This chapter discusses on the ZnO and (Co/Mn):ZnO epitaxial thin film growth, solubility limit, 

structural and magnetic characterization of these films grown by Pulsed Laser Deposition.  

This work has been published in the following journals. 

 Journal of Crystal Growth, 329 (2011) 20. Copyright (2011) by Elsevier. 

 Journal of Magnetism and Magnetic Materials, 325 (2013) 159. Copyright (2013) by Elsevier. 

 Superlattices and Microstructures, 63 (2013) 289. Copyright (2013) by Elsevier. 
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4.1 ZnO as a Dilute Magnetic Semiconductor (DMS) 

  ZnO is a direct, wide band gap semiconductor (~3.37 eV) with large exciton binding 

energy of ~ 60 meV. ZnO has many promising properties for blue or ultra-violet optoelectronics, 

transparent electronics, spintronic devices and sensor applications.  It has hexagonal wurtzite 

structure with Zn atoms tetrahedrally coordinated by four O atoms. The lattice parameters are a = 

3.25 Å and c = 5.12 Å with space group P63mc [1].   

 ZnO being an attractive material for optoelectronic applications, Co/Mn doped ZnO has 

been paid tremendous attention as a candidate for dilute magnetic semiconductor (DMS) after  

the prediction of room temperature ferromagnetism by Dietl et al. This is based on modified 

Zener model using mean field theory [2] according to which localized spin of Mn in 

(III/II,Mn)V/VI compounds couples with its own delocalized itinerant hole via p-d exchange 

interaction to give rise to ferromagnetism [3]. Room temperature ferromagnetism was reported in 

ZnO with and without transition metal (TM) impurities [4-7] and is a highly controversial and 

debated topic in today’s solid state physics. Ferromagnetism was also observed both in n-type 

and resistive (r-type) ZnO samples [8,9]. However, there is no report so far on obtaining a true 

DMS based on either ZnO or GaN. 

 Models based on defects and charge transfer to and from defect bands have been put 

forward to explain ferromagnetism in ZnO based DMS systems [10,11]. Some reports on 

observation of strong magnetization attributed it either to the formation of secondary incoherent 

Co or Mn clusters in the matrix of ZnO or contamination due to mishandling of samples [12-14].
 

Research is still active in order to understand whether this phantom magnetism is intrinsic or not 

and the possibilities of using these materials in practical application. As already pointed by Dietl, 

in order to realize p-d exchange in this system, solubility of TM elements, self compensation and 

related issues need to be addressed. There are numerous reports based on Co and Mn doped ZnO, 

however detailed microstructure and physical property investigation as a function of Co/Mn 

content is important to understand the system. 

 Among the various reports on Co:ZnO thin films [15-19], Kenji et al. reported solubility of 

Co up to 50 % by Pulsed Laser Deposition (PLD) and beyond 50 %, phase separation was 

observed [16]. Co solubility has been reported as high as 70 % under metastable synthesis 
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condition [18].
 
CoO, Co3O4, ZnCo2O4 (n-type) secondary phases in Co:ZnO systems can show 

antiferromagnetic coupling whereas ZnCo2O4 (p-type) can show ferromagnetic coupling.
 

Metallic cobalt precipitation was also reported for higher Co doping concentrations (~30 % or 

higher) [17]. Garcia et al. reported that Co3O4 can give rise to ferromagnetic response due to 

surface dispersion of Co
+3

 to Co
+2

 [20]. Few reports attributed Co clusters as a source of strong 

ferromagnetic response [12,21]. However, first principle study showed that Co ion pair does not 

have any tendency to form coherent clusters [22]
 
and moreover, the nearest Co-Co interaction is 

antiferromagnetic [23].
 
Co:ZnO grown on ZnO substrate is found to be paramagnetic below 20 

at.% of Co doping even at very low temperatures (10 K) but ferromagnetic for 20 at.% of Co 

doping [24]. However, Zn0.9Co0.1O film grown on sapphire was ferromagnetic and the observed 

magnetism was attributed to the defects. Absence of ferromagnetism was also reported in Co/Mn 

doped system by Rao et al. [25].
 
Anomalous giant magnetic moment is also reported at room 

temperature [26,27] and this behavior was described by super coupling of bound magnetic 

polaron (BMP) or formation of defect states or defect related impurity band. Anisotropy in 

magnetism is also observed [28,29]. 

 Research on Mn doped ZnO system received more attention after the first report by Sharma 

et al. on the room temperature ferromagnetism in bulk and transparent Mn doped ZnO thin films 

[30].
 
There are many reports since then discussing the solubility limit [31,32],

 
secondary phase 

formation [33-36],
 
magnetism (absence of ferromagnetism in few cases) etc. [37-41] in this 

system. Fukumura et al. grew homogeneous alloy thin films on Al2O3 with Mn content up to 36 

% by PLD [31,32].  Secondary phases such as MnO2, MnO, Mn2O3, Mn3O4 were detected [34]. 

Large magnetization as high as ~20 emu/cm
3
 is observed for 7% Mn doped ZnO at 10 K [37], 

while another report claims paramagnetism for the same Mn content [38].
 
However, films with 

high Mn content (~ 36 %) showed no ferromagnetic ordering. Moreover, a strong 

antiferromagnetic exchange coupling is reported even for very low dopant concentrations [32].
 

Observed ferromagnetism was attributed to the formation of defects and deep acceptor defect 

levels formed due to Zn vacancies mediate the parallel alignment of magnetic moments in the 

system [39].
 
A weak antiferromagnetic interaction that is increasing with the Mn dopant 

concentration was observed and interaction remained antiferromagnetic in the presence of donor 

defects while it turned out to be ferromagnetic with the introduction of acceptor defects [41]. 
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 In the present chapter, we present on the detailed experimental approach in growing 

epitaxial ZnO and ZnO thin films alloyed with Co/Mn up to 30 at.% by PLD to study the 

solubility limit, secondary phase formation and effect of Co/Mn concentration on the magnetic 

properties [42,43]. Our investigation has led to novel findings such as composition dependent 

coercivity in Co:ZnO and secondary phase formation in Mn doped films beyond 25 at.%. 

 

4.2 ZnO Thin Film Growth by Pulsed Laser Deposition 

 Although ZnO has attracted considerable research attention due to its potential applications 

in optoelectronics and spintronics, there was no large scale effort to develop ZnO epitaxial thin 

films based devices in comparison to GaN. This is probably due to the unavailability of crystal 

growth techniques to manipulate ZnO thin film during deposition on large lattice mismatch 

substrates in order to control defect structure similar to GaN [44-48], difficulty in p-doping [49-

51] and as well as lack of suitable dopants for tuning band gap in the visible range [52]. Growth 

of ZnO on large lattice mismatched substrate such as c-plane single crystal sapphire or Si is 

inevitable due to the same reason as GaN where defect free large area ZnO single crystal 

substrates are very expensive. Therefore it is important to understand the ZnO film growth on 

large lattice mismatched substrates and the major growth parameters controlling crystalline 

quality, defect structure and morphology, because they have major role to play in controlling 

electrical, optical and magnetic properties. Reducing defect density not only improves optical 

and electronic property of ZnO but allows the investigation of dilute magnetic semiconductor 

systems based on ZnO with various defect configurations. In ZnO based DMS system, mainly 

point defects dictates the physical properties and we mean the same in our discussions [6,7,10]. 

PLD technique was chosen because it is easy to control, versatile and economic for academic 

research study.  

 There are many reports on PLD growth of ZnO on sapphire to study crystal growth, defect 

structure, optical, electrical and magnetic properties as a function of various growth schemes 

[1,10,53-56]. Among these Narayan et al. described domain matching epitaxy scheme to obtain 

single crystalline film for systems where large lattice mismatch is involved including ZnO on 

sapphire [53]. For ZnO on sapphire relaxation occurs within one monolayer of film thickness and 

lattice mismatch is accommodated by interfacial misfit dislocations through matching of 5 or 6 
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(2-1-10) planes of ZnO with 6 or 7 (30-30) planes of sapphire. In another report on multi-stage 

ZnO growth by kinetic control i.e. allowing nucleation layer and subsequent seeding layer to 

relax (by growing at 1 Hz laser pulse frequency, typical relaxation time mentioned to be 0.5 s for 

SrTiO3) improved the surface morphology and smoothness along with the carrier mobility [54]. 

The growth of film layer by layer by controlling super saturation of plume (lowering laser pulse 

rate to 1 Hz) was first described by Koster et al. for homoepitaxial growth of SrTiO3 [57,58].  

 However, it is well known for GaN growth on sapphire (large lattice parameter mismatched) 

by metal organic vapor phase epitaxy that nucleation layer deposited at low temperature (~ 500 

°C) contain large density of defects. Low temperature is necessary to achieve substantial 

coverage of substrate. Upon annealing to high temperature (~ 1000 °C) defective nucleation 

layer transforms to well-defined crystal shapes and form better quality film [45]. However, we 

have found that significant number of misaligned crystal domains are present (i.e. rotation 

between the seed islands) for ZnO directly grown on sapphire at 5 Hz and at various 

temperatures between 300-700 °C and which gives rise to ring diffraction pattern in large area 

plan view images (which does not appear clearly in cross section TEM diffraction pattern except 

streaking at higher order diffraction vector g). The rotation between seed islands does not 

improve completely upon annealing alone. Our PLD growth system is limited by minimum 

pressure of 1×10
-5

 Torr and maximum temperature of 850 °C that one can utilize. High 

temperature and low pressure is important to achieve predominantly two dimensional growths 

(2D).  However, growing the seeding layer at very slow rate i.e. at 1-2 Hz, removes 

rotations/misalignment between seed islands completely.  Kinetic control by lowering laser pulse 

frequency to obtain smooth film by PLD was demonstrated by Koster et al. for SrTiO3 [58]. 

However, detailed microscopic analysis on the evolution of film grown through kinetic control 

on large lattice mismatched substrate is not available. Therefore, in the present study we report 

on the microstructure of ZnO film grown under different kinetic condition (controlled by laser 

frequency) as well as other growth parameters such as nucleation condition, pressure, 

temperature etc on c-plane Al2O3. Detailed defect microstructure is also presented which are very 

important to explain any macroscopic property based on ZnO system. 
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Table 4.1. Growth parameters for various samples of ZnO thin film grown on c-plane Al2O3. All samples 

were grown at 2×10
-5

 Torr pressure except sample S12. Copyright (2011) by Elsevier [59]. 

  

 We have used ZnO sintered pellets (99.99 % purity, Sigma Aldrich) as PLD target. Sintered 

ZnO pellets (~ 17 mm dia.) were prepared first by cold pressing ground ZnO powders (< 5 µm) 

and then sintered in air under atmospheric pressure and temperature at ~900°C for 5 hrs.  

Excimer laser (KrF, λ ~ 248 nm) with 150 mJ energy (~1.5 J cm
-2

 energy density at the target) 

was used to ablate ZnO target. Distance between sapphire substrate (0001 orientation) and target 

was kept at ~5 cm. Samples grown under various conditions are listed in Table 4.1 for 

comparison purpose.  All the thin films were grown under identical substrate preparation before 

growth (except sample S2 where we have studied the effect of sapphire substrate oxidation on 

ZnO crystal growth) and cooling down procedure after completion of deposition. ZnO thin films 

were studied by various characterization techniques such as Scanning Electron Microscopy 

(SEM) and Atomic Force Microscopy (AFM) for surface morphology and roughness, 

photoluminescence (PL) for emission peaks. Plan view (PV) and cross-sectional (X-TEM) 

Sample 
No of 

steps 

Seeding 

(°C) / No 

of shots 

Annealing Final growth 
Cooling 

condition 

S1 Single 350 - 3000 shots(5Hz) 
2 hrs to RT at 

10
-3

 Torr 

S2 Single 350 - 3000 shots(5Hz) Same 

S3 Single 600 - 5000 shots (5 Hz) Same 

S4 
Two 

steps 

300 (250 

shots/5Hz) 

Ramp to 650 °C in 15 min and stay 

for 20 min 

4000 shots at 650
o
C, 

(5Hz) 
same 

S5 
Two 

steps 

300 (250 

shots/5Hz) 

Ramp to 650 °C in 30 min and stay 

for 10 min 

4000 shots at 650
o
C, 

(5Hz) 
same 

S6 
Two 

steps 

300 (250 

shots/5Hz) 

Ramp to 700 °C in 40 min and stay 

for 20 min 

5000 shots at 700
o
C, 

(5Hz) 
same 

S7 Single 
300 (250 

shots/5Hz) 
- - same 

S8 Single 
300 (250 

shots/5Hz) 

Ramp to 700 °C in 40 min and stay 

for 20 min 
- same 

S9 
Three 

steps 

400 (300 

shots/2Hz) 

Ramp to 800 °C in 40 min and stay 

for 20 min, then 1000 shots at 2Hz 

4000 shots at 800
o
C, 

(5Hz) 
same 

S10 
Three 

steps 

400 (300 

shots/2Hz) 

Ramp to 800 °C in 40 min and stay 

for 20 min, then 1000 shots at 2Hz 

9000 shots at 800
o
C, 

(5Hz) 
same 

S11 
Three 

steps 

400 (300 

shots/1Hz) 

Ramp to 800 °C in 40 min and stay 

for 20 min, then 1000 shots at 1Hz 

9000 shots at 800
o
C, 

(5Hz) 
same 

S12 
Three 

steps 

400 (300 

shots/2Hz) 

Ramp to 800 °C in 40 min and stay 

for 20 min, then 1000 shots at 2Hz 

at 10
-2

 Torr 

4000 shots at 800
o
C, 

(5Hz) at 10
-2

 Torr 

2 hrs to RT at 

10
-2

 Torr 
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samples were prepared and studied in FEI TITAN
3TM

 transmission electron microscopy (TEM) 

operating at 300 kV for misaligned crystal domains, defect structure, crystallinity etc., Hall 

measurements for carrier concentrations and mobility. The Hall mobility was measured using an 

AC transport option inbuilt in the physical property measurement system (PPMS, Quantum 

Design, U.S.A.). To measure only the potential difference due to the Hall potential, Hall 

resistivity corresponding to the Hall voltage was measured for both positive and negative applied 

magnetic fields. The actual Hall resistivity was calculated by subtracting the average of these 

two values from the measured resistivity at a particular magnetic field. TEM samples were 

prepared following the same procedure as described in Chapter 2.2.1 by conventional mechanical 

and tripod polishing and final thinning to perforation in a Gatan PIPs with Ar ion energy of 4.5 

kV. For plan view and cross sectional samples left/right gun setting was +7/+7 and +7/-7 

respectively. 

4.2.1 Single Step Growth 

 

Figure 4.1. TEM bright field images and diffraction pattern from sample S1 (a & b) and S2 (c & d). 

Growth direction is [0002] for all samples. DPs are not aligned with the image and taken from ZnO only. 

Copyright (2011) by Elsevier [59]. 
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 Samples S1 and S2 were grown under identical conditions (single step growth) except 

substrate of the sample S2 was oxidized at 600 °C for 30 min prior to deposition at 350 °C.  The 

cross sectional TEM images and corresponding diffraction patterns are displayed in Fig. 4.1. 

Streaking in spots at higher g is clearly visible from diffraction pattern whereas spots are more 

scattered in S2. Dark contrast areas are crystal domains which are rotated from perfect epitaxial 

orientation and fringe contrast is due to Moiré fringes between rotated/misaligned and epitaxial 

crystals. This fringe contrast is not from inversion domain boundaries which appears only with 

diffracting vector g = <0002>. Presence of more scattered spots in sample S2 indicates oxidation 

of sapphire substrate (i.e. significant chemical reaction between oxygen and sapphire) that led to 

the formation of large population of tilted and rotated crystals. SEM images (Fig. 4.2) show 

rough but complete surface coverage from these two samples. Incomplete coverage of ZnO on 

substrate was obtained for single step sample of S3 grown at higher temperature [see Fig. 4.2(c)], 

which is generally the case for large lattice mismatched epitaxy. 

 

Figure 4.2. SEM images of samples (a) S1, (b) S2, (c) S3, (d) S4, (e) S5 and (f) S6. Copyright (2011) by 

Elsevier [59]. 

4.2.2 Two Step Growth 

 Sample S4, S5 and S6 were grown with two step procedures. Seeding and growth were 

performed at two different temperatures i.e., 300 shots at 300 °C and 4000 shots at 650 °C 
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respectively (for S4 and S5). Seeding layer temperature was kept low to achieve complete 

coverage on sapphire substrate by ZnO. These three samples slightly differ in duration of 

annealing and final growth temperature. Annealing was performed with the intuition to improve 

the crystalline quality and establish large area epitaxial relationship with substrate so that no 

misalignment/rotation is observed from PV electron diffraction pattern. The two step growth 

schematic representing the growth of nucleation layer at low temperature, ramping to high 

temperature and then growth is shown in the Fig. 4.3. 

 

Figure 4.3. Growth schematic that we followed to obtain epitaxial thin films grown by pulsed laser 

deposition method. Deposition of nucleation layer at low temperature and annealing before actual 

growth ensures the wetting of substrate that is the key to obtain epitaxial growth of ZnO on sapphire. 

 

 Figure 4.2 shows the SEM images taken from these three samples. Sample S4 appears to be 

completely coalesced but has large number of small crystal grains. Increasing the annealing time 

led to large crystal grains with incomplete coalescence (sample S5). To achieve complete 

coalescence, growth temperature was increased by 50 °C and number of laser shots by 1000 

(sample S6) and this formed coalesced and round crystal grains. Figure 4.4 displaying the TEM 

cross sectional and plan view images and corresponding diffraction pattern from samples S5 and 

S6 respectively.  From cross sectional images misaligned/rotated crystal grains and Moiré fringe 

pattern are observed for both the samples. PV diffraction pattern captured the ring pattern from 

rotated grains comprehensively compared to cross sectional geometry over a large c-plane area. 
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Dark contrast areas in PV images are regions which are rotated differently than epitaxial 

orientation. Samples S7 and S8 are the seeding layers deposited to study the substrate coverage. 

We observe that well defined crystals have formed upon annealing the seed layer as the case of 

S8. This is also evident from the TEM PV bright field imaging and diffraction patterns proving 

misalignment improves to some extent upon annealing [59]. Therefore annealing alone is not 

sufficient to bring all crystal domains into registry with the substrate for the given annealing 

condition. All the above samples were grown with laser pulse frequency of 5 Hz. 

 

Figure 4.4. Cross sectional and plan view TEM bright field images from sample S5 (a & b) and S6 (c & 

d) respectively. Corresponding diffraction pattern are shown in inset. Clear rotation in diffraction pattern 

is observed from plan view geometry. Dark contrast areas in PV images are misaligned crystallites. 

Copyright (2011) by Elsevier [59]. 

4.2.3 Three Step Growth 

 In these three set of samples (S9, S10, and S11) laser pulse frequency was reduced to 2 Hz 

(S9 and S10) or 1 Hz (S11) during the first two steps (two step seeding) in three step growth at 

400 °C and 800 °C respectively to grow the layers at a very slow rate allowing sufficient time for 

relaxation or establishing epitaxial relationship between seeding layer and substrate. Final 

deposition (third step) was done at 5 Hz laser frequency at 800 °C. To achieve complete 
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coalescence, number of final shots was increased from 4000 (sample S9) to 9000 for sample S10 

& S11. X-TEM and PV-TEM images along with electron diffraction pattern are shown in Fig. 

4.5. Seed layer thickness after first step growth is determined to be ~50 nm. Significant 

improvement in epitaxial relationship is observed from TEM images and diffraction pattern. 

Misaligned/rotated crystals are not observed and single crystalline spot pattern is obtained. From 

plan view images (g=<11-20>) one can see the presence of edge type threading dislocations with 

few screw and mixed type. Dislocation density estimated to be ~ 10
10

 cm
-2

. X-TEM image with g 

= <0002> diffraction vector is presented where one can observe only screw and mixed type 

dislocations. A surface roughness value ~2.4 nm is obtained from AFM images for sample S11. 

 

Figure 4.5. X-TEM and plan view images from sample S10 (a & b) and S11 (c & d) respectively. Inset 

showing single crystal diffraction from ZnO film. X-TEM images with g = <0002> are displayed where 

only screw and mixed type TDs are visible. Spots circled with green and yellow color are g=0002 and 11-

20 for cross sectional case and g=11-20 and 01-10 for plan view case. Growth direction is [0002]. DPs 

are not aligned with image and from ZnO only. Copyright (2011) by Elsevier [59]. 

 However, significant change in morphology was observed when pressure was increased 

to 10
-2

 Torr during second stage of seeding and final growth stage [59]. Vertical growth of ZnO 
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can be seen directly from seed ZnO layer without presence of clear crystallographic faceting. 

The shape is like a bullet and length and width are 100 and 60 nm respectively. They grew with 

uniform shape and size. This result is reproducible and the density of nanobullets can also be 

controlled. This is due to predominantly three dimensional growths under higher pressure. The 

majority charge carriers are electrons for all the samples. The Hall mobility has improved to 58 

cm
2 

V
-1 

s
-1

 for sample S11 compared to 33 cm
2 

V
-1 

s
-1

 for sample S6. This improvement can be 

explained in terms of improvement in crystal quality by removal of misaligned crystal domains. 

Further improvement should come with the reduction of threading dislocation (TD) density. 

 ZnO microstructure such as misaligned crystal boundaries and strain field associated with 

threading dislocations should have considerable effect on electronic and magnetic properties of 

this material. Solubility of transition metal (TM) dopants may be affected by this which is 

important in the area of DMS. Therefore, it is very important to understand and control the 

microstructure of this material to correlate many physical properties e.g., ferromagnetism with 

TM doping to facilitate the separation of various factors responsible. 

 

4.3 (Mn/Co):ZnO Epitaxial Thin Film Growth, Structure and Solubility Limit and 

Magnetism 

 

Figure 4.6. Color of the pellets and thin films of both Co:ZnO and Mn:ZnO as a function of alloy 

concentration. Color shade darkens with increasing alloy concentration indicating that dopants are 

occupying Zn substitutions sites in the lattice. Copyright (2013) by Elsevier [42]. 
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 ZnO thin films doped with Co and Mn (5-30 atom %) were grown by pulsed laser 

deposition (PLD) technique on sapphire substrate (c-plane) according to the single crystal three 

step growth scheme already discussed above [59]. ZnO target pellets with various atomic (at.)  

percentage of Co and Mn (5, 10, 15, 20, 25 and 30 at. %) were prepared by mixing ZnO and CoO 

(for Co:ZnO) and MnO (for Mn:ZnO) powders with 99.99% purity obtained from Sigma Aldrich. 

The powders were grinded to obtain a homogenous mixture before sintering at 900°C under 

continuous oxygen flow at atmospheric pressure. The PLD target pellets are shown in Fig. 4.6. 

After deposition, the colors of the films were green and orange for Co and Mn samples 

respectively. The color shade darkens with the Co/Mn concentration both in the thin films as well 

as in the target pellets shown in Fig. 4.6. The color of the films is one of the ways of confirming 

that Co and Mn have substituted the Zn atoms in the ZnO lattice. This method allows us to dope 

Co up to 30% and Mn up to 15% without any secondary phase precipitation. High Resolution 

Transmission Electron Microscopy (HRTEM) studies were performed in an aberration corrected 

FEI TITAN
3TM

 80-300 kV microscope to investigate the formation of secondary phases if any and 

High resolution electron energy loss spectroscopy (HREELS) was used to collect Co L3,2 edge for 

determining its position in the lattice as well as the charge state of Co. Magnetic hysteresis study 

was performed at room temperature in a superconducting quantum interference device (SQUID), 

VSM, Quantum Design, USA. Sample size used was 4×3 mm
2
. 

 

4.3.1 Mn:ZnO Thin Films 

For Mn doped sample we have seen secondary phase formation in a systematic way 

between the Mn:ZnO and sapphire substrate from Mn doping 25% onwards. Secondary phase has 

been formed as an interlayer between Mn:ZnO and sapphire substrate (see Fig. 4.7, for 25 and 30 

% Mn cases, marked with red arrow). All the films are epitaxial and even for phase separated 

interlayer sample, incorporation of Mn in the subsequent films is high. Surface of the films is 

comparatively smoother than Co:ZnO films as can be clearly seen from the TEM images in Fig. 

4.7. Films are relaxed on the substrate and threading dislocations are observed to be present in the 

films. In Fig. 4.8, Mn L2,3 absorption edges show clear splitting which confirms that Mn replacing 

Zn substitutional positions. The L3/L2 ratio of the Mn L2,3 from the film is ~ 4.5 which is again 

close to the experimental value reported for Mn
2+

 in Refs. 60 & 61. 
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Figure 4.7. TEM bright field images from Mn:ZnO thin films for various alloy concentration. Example 

diffraction patterns in the inset indicate the formation of single crystalline phase. Red arrows indicate the 

Mn3O4 secondary phase formed as interlayer for 25 at. % and 30 at.% Mn:ZnO. Copyright (2013) by 

Elsevier [42]. 

 

Figure 4.8. Mn L2,3 EELS absorption edges showing splitting at L3 and L2 as indicated by arrows. This 

confirms that dopants have occupied the Zn substitutional position in the lattice. Copyright (2013) by 

Elsevier [42]. 
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Figure 4.9. (a) High Resolution TEM images from interlayer region (for 30% Mn:ZnO) along with 

substrate and Mn:ZnO film. One can clearly observe the new alignment of [11-20] Al2O3 || [11-20] ZnO 

between substrate and film. Below is the corresponding diffraction pattern along [01-10] direction from 

three different layers. (b) Comparison of O-K edges from the three different layers and (c) Mn L2,3 

absorption edges from interlayer phase and Mn:ZnO film. Copyright (2013) by Elsevier [42]. 

 

 

Figure 4.10. New alignment between three different structures shown in (a) which led to [11-20] Al2O3 || 

[11-20] ZnO compared to the usual [11-20] Al2O3 || [01-10] ZnO as shown in (b). Copyright (2013) by 

Elsevier [42]. 
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The interlayer Mn rich phase has been identified as a spinel Mn3O4 phase based on 

diffraction pattern, high resolution lattice image, both O K and Mn L2,3 ELNES and L3/L2 ratio 

(~2.04) (see Fig. 4.9). Comparison of O K absorptions edges from Mn:ZnO, interlayer Mn3O4 and 

sapphire substrate are given in Fig. 4.9 (b). Clear difference in O K edges can be seen between the 

three materials. The peaks a corresponds to transition from O 1s to hybridized O 2p and Mn 3d 

states and peak b corresponds to unoccupied O 2p states mixed with Mn 4sp bands above the 

Fermi level. The shape and peaks of the O K and Mn L2,3 edges from the interlayer are clearly 

matching with that of the reported spectra of Mn3O4 phase [62-64 ]. The intensity of peaks c and d 

depends on multiple scattering and in our case the strength of these two peaks is weak. From Fig. 

4.9 (a), clear …ABCABC... stacking can be observed from the interlayer. This cubic phase has 

grown in such a way that it has rotated the Mn:ZnO layer with respect to sapphire by 30º. This 

made the possible alignment of Mn:ZnO films with respect to sapphire as [11-20]Al2O3 || [11-

20]ZnO.  The rotation can be explained with the help of Fig. 4.10. Figure 4.10 (b) is the usual 

case where both c-Al2O3 and ZnO (0001) plane will be rotated by 30°. In Figure 4.10 (a) the 

lattice of c-Al2O3, Mn3O4 (111 plane) and Mn:ZnO (0001 plane) is superimposed considering that 

the lattice is relaxed. The rotation can be explained if these three different crystals align 

accordingly [11-20]Al203 || [112]Mn304 || [11-20]ZnO as shown in this figure. The formation of 

this Mn3O4 phase might be due to use of low temperature (400 ºC) during the growth of the 

seeding layer. 

We also have grown undoped n- and r-type ZnO thin films to compare the magnetic 

properties with that of the alloy samples. Carrier concentrations under n-type condition (10
-5

 Torr 

oxygen partial pressure) is ~ 10
19

 cm
-3

 (with mobility μH = 58 cm
2
 V

-1
 s

-1
, measured in a standard 

Hall system) and the resistance in the r-type sample is in the range of kΩ and carrier 

concentration ~ 10
17

 cm
-3 

(with mobility μH = 7 cm
2
 V

-1
 s

-1
,
 
measured in a HL5500 using a buffer 

amplifier). We can control the resistive and n-type sample growth by simply controlling the 

oxygen partial pressure in PLD chamber during film deposition. Oxygen partial pressure was kept 

pO2 = 10
-5 

Torr throughout the film deposition except for the resistive type sample growth where it 

is raised to pO2 = 10
-2 

Torr during the ramping between different temperatures and holding 

periods. All the doped films were grown under n-type growth condition (pO2 = 10
-5 

Torr 

throughout the growth schedule) as reported in Ref. 59. We also have performed magnetic 
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measurement for sapphire substrate treated under identical conditions as that of the film growth in 

order to subtract the diamagnetic response and also to ensure that the magnetic response we see is 

not due to poor handling of the samples or unwanted contamination in the films. This aspect has 

already been discussed extensively in literature and is considered to be one of the possible sources 

of observed ferromagnetism in the system [14]. However, we observed ferromagnetism only for 

ZnO films but not from the sapphire substrate treated under the same temperature and pressure 

conditions in the PLD chamber. For Mn:ZnO samples we found that the magnetism is completely 

disappearing beyond 20% Mn (Fig. 4.11 (b)). Mn:ZnO samples show large paramagnetic signal at 

higher applied field compared to Co:ZnO samples.  

 

Figure 4.11. M vs H plots for various thin films Mn:ZnO thin films. Observed magnetism is soft and weak. 

Beyond 20 at. % Mn concentration ferromagnetism disappears. Copyright (2013) by Elsevier [42]. 

4.3.2 Co:ZnO Thin Films 

Co:ZnO films were grown with various Co atomic percentages i.e. 5, 10, 15, 20, 25 and 30 

under n-type growth condition (with carrier concentration ~ 10
19

 cm
-3

 and mobility μH ~ 30-50 

cm
2
 V

-1
 s

-1
). The concentration of Co in both pellets and films is characterized by SEM & TEM-

EDS and is given in Table 4.2. It can be seen that the concentration of Co in the film is more than 

that targeted. Similar trend was also reported previously in Co doped ZnO [15]. This could be due 

to increase in Co concentration in the pellet with laser ablation during the growth. 
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Figure 4.12. (a)-(e) TEM bright field images from Co:ZnO thin films for various alloy concentrations. 

Example diffraction patterns in the inset indicate the formation of single crystalline phase. No secondary 

incoherent precipitates are found in these films as examined by HRTEM. (f) Example HRTEM image from 

30 at. % Co:ZnO. Copyright (2013) by Elsevier [43]. 

 TEM diffraction contrast shows the presence of threading dislocations. No secondary 

incoherent precipitates have been detected in the films even at 30 at.% Co doping as confirmed by 

both conventional strain contrast and high resolution TEM imaging. The films remained single 

crystalline as evident from diffraction patterns shown in the inset of Fig. 4.12 and there are no 

scattered spots either due to poly-crystallinity or secondary phases. We did not carry out any 

experiment to detect the presence of coherent Co clusters or condensed magnetic semiconductors 

(CMS) in the lattice and the presence of which will not be energetically favorable as revealed by 

(0001)

(01-10)
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recent theoretical calculation [22]. Detecting the presence of coherent Co clusters can be 

performed by spectrum imaging method [60]. High resolution electron energy loss spectroscopy 

was utilized to collect ELNES (electron energy loss near edge structure) of Co L2,3 absorption 

edge as shown in Fig. 4.13. The characteristic splitting of each L2 and L3 edge confirms that the 

Co atoms have substituted the Zn positions in ZnO lattice [65-68]. The splitting of Co d electronic 

states (eg and t2g) is due to the crystal field from tetrahedral oxygen environment in the lattice. 

The Co L3/L2 white line ratio is found to be ~2.75. White line ratio of transition metal L edge is 

sensitive to the occupancy of the d band, thus related to the oxidation state of the atom. The Co 

L3/L2 ratio value suggests that Co atom has charge state close to +3 [69,70]. 

 

Figure 4.13. Co L2,3 EELS absorption edges showing splitting at L3 and L2 as indicated by arrows. This 

confirms that dopants have occupied the Zn substitutional position in the lattice. Copyright (2013) by 

Elsevier [43]. 

 We have provided magnetic moment per unit volume of the film after considering the 

correct film thickness as measured from the cross sectional TEM images. Saturation moment is 

in the order of 10
20

-10
21

 μB cm
-3

 and remains almost the same even for higher Co doped samples. 

Table 4.2 summarizes magnetic data of Co:ZnO thin films for various doping concentrations 

along with other information. Figure 4.14 (a) compares the hysteresis loops of Co:ZnO with 

various Co doping along with undoped ZnO specimens at room temperature. The background of 

the data is corrected for diamagnetism from sapphire substrate. Sapphire substrate treated under 

the same heating cycles in the PLD chamber also shows background ferromagnetism in the range 

of 0.002 emu cm
-3

 after subtracting for its diamagnetic response. We have corrected all the 

ferromagnetic hysteresis curves due to this sapphire ferromagnetism as well. The sapphire 
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background ferromagnetism poses a limit on the observation of genuine ferromagnetism in the 

thin film samples. This background ferromagnetism may be from surface defect states of 

sapphire [71]. Coercivity remains small to ~ 76 Oe till 5% Co doping concentrations. Beyond 10 

% and higher Co doping the coercivity increases significantly and for 25% Co doped sample 

coercivity is ~ 860 Oe. No significant change in saturation magnetization was observed and a 

consistent value ~10
20

-10
21

 µB cm
-3 

was obtained even for magnetically undoped sample.
 
The 

saturation magnetization of n-type sample (carrier concentration ~ 10
19

 cm
-3

) is little higher 

compared to resistive samples, which means that variation of oxygen point defects and their role 

as donors does play a role in magnetism in ZnO as already reported previously [10]. 

Table 4.2. Summary of Magnetic data of various Co/Mn:ZnO thin films. Column 3 of the table lists the 

theoretical moments only from Co d spins if BMP model is operative. Copyright (2013) by Elsevier [43] 

and Copyright (2013) by Elsevier [42]. 

* Applied field is perpendicular to the c-plane. 

Samples 

 

Magnetization   

emu/cm
3
 

µB/cm
3
 

emu/cm
3
 

µB/cm
3
 

(BMP) 

µB/ 

dopant 

Coercivity 

(Oe) 

Remnant 

Magnetization 

(emu/cm
3
) 

EDX 

(Co atom 

%) 

n-type ZnO  
39.3 

4.24×10
21 - - 27 2.3 - 

r-type ZnO 
10.28 

1.11×10
21

 
- - 29 0.18 - 

 Zn0.95Co0.05O 
7.32 

7.89×10
20

 

58.51 

6.31×10
21

 
0.375 76 0.68 10 

Zn0.90Co0.10O 
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2.36×10
20

 

116.92 

1.26×10
22
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175.47 
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22

 
0.316 448 2.71 21 
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105.67 
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Zn0.75Co0.25O 
3.6 

3.88×10
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292.45 
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Zn0.75Co0.25O
*
  

2.97 
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Zn0.70Co0.30O  
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21
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3.78×10
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1.44×10
21
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22
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Zn0.90Mn0.10O 
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7.52×10
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0.179 24 0.28 10 

Zn0.85Mn0.15O 
0.93   

1.00×10
20

 

292.32 

3.15×10
23

 
0.015 22 0.63 20 
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Figure 4.14. M vs H plots for various thin films Co:ZnO showing the composition dependent coercivity. 

Copyright (2013) by Elsevier [43]. 

 The origin of this high coercivity (detailed explanation given in Chapter 5) may be 

explained in terms of the interaction between localized Co d electrons with the delocalized spin 

split defect band electrons to some extent. This may be quite possible as the charge state of Co is 

found to be close to +3, suggesting that charge transfer has taken place to some band possibly to 

the defect band formed by oxygen vacancy. Delocalized band electrons may be formed due to 

the oxygen defects in the lattice and are responsible for the n-type conduction in our films [11]. 

Density of states due to oxygen donor defects might satisfy Stoner’s criteria and cause the defect 

band to be spin split. As single Co atom in ZnO show large anisotropy, thus this interaction may 

be responsible for the observed coercivity in our samples [29]. However, this type of interaction 

could not align Co d electron spins. Otherwise the net saturation magnetization would have been 

much higher for higher Co concentration according to the Bound Magnetic Polaron (BMP) 

model (column 2 in Table 4.2) [10]. This is probably due to the two different symmetry and 

energy level of electronic states of Co d electrons and band electrons corresponding to oxygen 

defects (s character).  

 Figure 4.15 shows the zero field cooled (ZFC) and field cooled (FC) M vs T curves at 

4000 Oe applied field for 25 and 20 at. % Co:ZnO samples. No superparamagnetic behavior in 

terms of blocking temperature is observed in the ZFC curve confirming that there are no Co 

clusters in the film. At very low temperature paramagnetic Curie tail is observed. This is due to 

free spins present at the defect sites in the samples. The FC curve can be fitted by three 
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dimensional spin wave model along with paramagnetic component within it which is of the form

2/32

0 )2/(117.0/)( SJdTkMTCHTM BB , where M0 is the magnetization at zero 

temperature, H is the applied magnetic field, CH/T is the paramagnetic part, and d and J are the 

distance and exchange interaction between magnetic cations respectively [72]. This suggests that 

the samples have both ferromagnetic and paramagnetic phases. The values of coefficients 

obtained from the curve fitting are listed in Fig. 4.15. The fitting closely matches experimental 

curve till ~140.5 K and ~242 K for 25 and 20 at.% Co samples respectively. The difference 

between FC and ZFC curve at the low temperature side may be due to anisotropic effect of the 

crystal [73]. FC and ZFC curves can be related by the equation cFCZFC HHMHM  // and 

the temperature dependent Hc part can be calculated, where H = 4000 Oe is the applied field and 

Hc is the coercive field. For example, the Hc value at 100 K is found to be higher (~186 Oe) for 

25Co:ZnO compared to 20Co:ZnO (~39 Oe) specimen. This also agrees well with the 

observation of higher coercivity in room temperature M vs H curve for the 25Co sample 

compared to 20Co sample.  At higher temperature moments are observed to be increasing both in 

ZFC and FC curve more significantly for 25Co sample (~140 K) than 20Co (~248 K) sample. 

This may be due to defect state ionization with increasing temperature and their participation in 

ferromagnetic response. This last feature is more prominent for 25 Co than 20Co sample. This 

region of the curve can be fitted with temperature dependent point defect formation of the form

)/exp(/ TkEBMNn
Bfsite

  
where, n/Nsite is the fraction of point defect ionization, Ef is the 

formation energy of a particular point defect, M is the magnetization (2.2 emu cm
-3

 at the 

temperature (in this case ~140 K) at which moment value increases with temperature and B is a 

coefficient which will contain the information on the contribution of moments from such defects 

to the FC curve. In our case the dominant point defect may be Zni. Formation energy depends on 

the position of Fermi energy in the band gap of ZnO [74]. Considering typical value of Ef = 0.1 

eV, the fitted curve results in B =1. The FC and ZFC curve for 25Co sample shows clear 

decrease in moments beyond 350 K indicating that the Curie temperature for this sample might 

be above 400 K. The difference in the behavior between FC and ZFC curve of these two samples 

could be due to the nature of the defect states and their interaction with Co atoms. 
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Figure 4.15. ZFC and FC M vs T relation for samples (a) 25 at. % Co and (b) 20 at. % Co. Low 

temperature side of the curve can be fitted with a 3D spin wave model after including paramagnetic 

component in it. High temperature side of the curves show increasing moments with temperature due to 

spontaneous ionization of defect levels and can be fitted with exponential equation as mentioned in the 

text. The values of the coefficients related to fitting are given within the figures. Copyright (2013) by 

Elsevier [43]. 

 

4.4 Conclusions 

 The pulsed laser deposition (PLD) of ZnO thin film on c-plane sapphire has been studied 

as a function of various growth parameters such as nucleation layer temperature, annealing 

duration, laser pulse frequency, number of steps of ZnO deposition, final growth temperature and 

pressure. Among various growth parameters, laser pulse frequency was found to have significant 

influence to form single crystal ZnO film on c-plane sapphire through elimination of misaligned 

crystal domains completely. Allowing relaxation to the seeding layer by slowing down laser 

pulse frequency to 1 Hz established the complete epitaxial relationship between ZnO and 

sapphire over large area, which is confirmed by plan view single crystal diffraction pattern. 

We have investigated Co and Mn incorporation (up to 30 at. %) in ZnO single crystalline 

thin films grown by pulsed laser deposition technique. Results show that we can incorporate up 

to 30 at. % Co in single crystal ZnO films without formation of any secondary phase. For 

Mn:ZnO thin films, spinel Mn3O4 phase has been formed as an interlayer between sapphire 

substrate and Mn:ZnO films for Mn concentration 25% and above. This interlayer has resulted in 
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the unusual 30º rotation between the subsequent film and the substrate. Saturation magnetization 

remained the same within the range of 10
20

-10
21 

μB cm
-3

 for undoped and Co:ZnO samples and 

only coercivity was observed to increase with higher Co concentration in the films.  This may be 

explained in terms of spin split defect band magnetism due to oxygen vacancies and its possible 

interaction with individual Co d electrons to some extent. Therefore it is evident that the 

magnetism observed in this system originates from itinerant band magnetism due to oxygen 

point defects. The splitting of Co d electron level and their interactions with defect band 

electrons through charge transfer results in high coercivity. The result shows that it is possible to 

retain strong magnetization in ZnO semiconductor. High coercivity and remnant magnetization 

might be useful to fabricate non volatile digital circuits which might revolutionize the area of 

communication and computing. For Mn:ZnO samples the magnetism disappeared beyond 20 

at.% Mn incorporation.  
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Chapter 5 

 

 

Origin of Magnetism in Co:ZnO Thin Films 

 

 

 

 

 

 

 

This chapter discusses on the possible origin of magnetism and coercivity in Co:ZnO epitaxial 

thin films grown by Pulsed Laser Deposition. The observed magnetism is explained based on 

experimental EMCD results and density functional theory based calculations. 

Part of this work has been published in Journal of Magnetism and Magnetic Materials, 325 

(2013) 159. Copyright (2013) by Elsevier.  
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5.1 Introduction 

As discussed in Chapter 4, though observation of room temperature ferromagnetism was 

reported in transition metal (TM) doped/undoped ZnO and several theories are proposed to 

explain the observed magnetism, the subject remained highly controversial. It has now been 

widely accepted that the atomic defects play a significant role in the observation of magnetism in 

these systems. Though there are several theories proposed to explain the magnetism in this 

system, defect based models are found to be more convincing, Among them, the Bound 

Magnetic Polaron (BMP) and Charge Transfer Ferromagnetism models proposed by J. M. D. 

Coey et al. are widely accepted [1,2]. Within the BMP model, the interaction between oxygen 

point defects and TM impurities form bound magnetic polaron (BMP) which mediate large scale 

ferromagnetism in this system. In the charge transfer model transition metal ions transfer 

electronic charges to the defect band help in spin splinting and weak itinerant ferromagnetism. In 

general, it is observed that the ferromagnetic hysteresis loop width or coercivity is narrow and 

magnetism is generally soft in this system except in a few cases where authors did not discuss 

this aspect [3,4]. 

In this Chapter, possible explanation for the origin of composition dependent large 

coercivity (~ 1149 Oe) in Co doped ferromagnetic ZnO thin films which might open up possible 

applications in novel computer logic systems is discussed.  This enhancement in coercivity 

without significantly altering saturation magnetization also demonstrates the clear interaction 

between itinerant carriers at defect band with localized d electrons in TM-doped ZnO to some 

extent. This interaction is explained by charge transfer from Co d electronic state to defect levels 

as confirmed from Co L3,2 white line ratio.  

5.2 Magnetization Measurements: Giant Coercivity in Co doped ZnO Thin Films 

The most interesting aspect of Co:ZnO sytem in our study is the composition dependent 

coercivity and we observed highest coercivity for 25% Co:ZnO system [5]. Magnetic hysteresis 

study was performed at room temperature in a superconducting quantum interference device 

(SQUID) Quantum Design, USA.
 
The saturation magnetic moment we see is extremely weak 

(3.6 emu/cm
3
 for 25% Co:ZnO) even for ZnO without any Co (39 emu/cm

3
) in it and is the 

response of net charge carriers from spin split up and down defect band. The magnetism is soft 

(but not negligible) because free carriers or conduction electrons are not bound to the lattice 
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rigidly or there is no significant influence of crystallographic anisotropic energy on these defect 

band carriers. However, we see increase in coercivity (anisotropy) and remnant magnetization 

with the increase in Co doping from 10% and reaches maximum at 25% doping concentrations. 

The coercivity reaches ~860 Oe for 25 at.% Co:ZnO and increase further to 1149 Oe when field 

is switched along c direction of thin film as shown in Fig. 5.1. This value of 1149 Oe is the 

highest among any coercivity reported in this system. The applied field required to saturate 

moments along c direction is 1864 Oe compared to 1262 Oe along in plane direction. Remnant 

magnetization is ~2.14 emu/cm
3
 for this sample and 39.13 emu/cm

3
 for 20 at. % Co:ZnO sample. 

This value is much higher than that required for magnetic memory applications.  

 

Figure 5.1. Magnetic hysteresis plots for 25Co:ZnO sample showing maximum coercivity ~860 Oe. For 

the applied field perpendicular to c-direction, the coercivity increases to ~1149 Oe. Copyright (2013) by 

Elsevier [5]. 

 

5.3 Origin of Magnetism: Possible Explanation 

Single ion anisotropy of Co atom (in a paramagnetic state) in ZnO (doped with very 

small amount of Co, ~ 0.005 at. %) due to the crystal field of wurtzite ZnO lattice is already 
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reported [6]. This aspect has been discussed in the case of Nd doped ZnO nanowires [7],
 
where 

observation of giant anisotropy has been ascribed to the orbital anisotropy of Nd atoms. The 

commonly encountered soft nature in hysteresis was explained in terms of origin of moments at 

the crystal defects, boundaries, and interfaces etc., where spin-orbit coupling is weak and local 

magneto-crystalline anisotropy at individual defect environment cancels out at macroscopic 

scale. These moments at defects align under the applied magnetic field, but can easily switch 

their direction without experiencing any resistance from the host lattice [2]. Once the magnetic 

field is removed, the residual magnetization observed in this system is negligible. In the 

applications related to non-volatile digital circuits [8], it will be useful to retain the 

magnetization in the system even after the removal of the field or in other words, increasing the 

coercivity of the material by anchoring the moments in the host lattice. The composition 

dependent large coercivity (~ 1149 Oe) in Co doped ferromagnetic ZnO thin films might open up 

possible applications in novel computer logic systems.  This enhancement in coercivity without 

significantly altering saturation magnetization also demonstrates the clear interaction between 

itinerant carriers at defect band with localized d electrons in TM-doped ZnO to some extent. This 

interaction is explained by charge transfer from Co d electronic state to defect levels as 

confirmed from Co L3,2 white line ratio. Cathodoluminescence (CL) spectra from different 

samples shows clear blue emission peak with long tail confirming the formation of extended 

defect levels in the host lattice band gap. 

Another support that the magnetism is now connected with lattice through Co impurity 

sites is that coercivity increases along c (hard axis for hcp structure) direction compared to a 

(easy axis for hcp structure) direction. The increase in coercivity in not systematic with 

increasing Co concentrations, e.g., for 10% Co it is higher (730 Oe) than 15 and 20% Co and for 

30% Co film it is small (281 Oe). This may be because of distribution of Co atoms and their 

proximity with a certain type of defects in the lattice. A Co atom d level undergoes splitting (eg 

and t2g) around the band gap of ZnO host lattice due to tetrahedral crystal field and gives rise to 

well known green coloration.  The t2g level lies higher in the energy scale with three electrons of 

similar spin states and may be responsible for interaction between d electrons of Co atoms and 

conduction band electrons of ZnO via charge transfer [5]. 
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5.3.1 Emission Band and Defect Related States at the Fermi Level 

 Cathodoluminescence (CL) measurements were done using Gatan mono CL (serial mode) in 

FEI quanta 3D FE-SEM with 20 keV electron beam. All spectra have been collected with peltier 

cooled (-25 ºC) Photo multiplier tube (PMT) with step of 1 nm and accusation time of 0.6 s per 

step. Entrance and exit slit for the spectrometer were at 1 mm. CL spectra from different samples 

shows clear blue emission peak with long tail confirming the formation of extended defect levels 

in the host lattice band gap. 

 

Figure 5.2. CL data for various Co:ZnO and undoped samples. Co:ZnO samples show increase in band 

gap with strong blue emission peak with extended tail towards green region. For undoped samples, both 

blue and green emissions are observed for n-type sample and obly blue emission for r-type sample. 

Copyright (2013) by Elsevier [5]. 

Figure 5.2 shows the room temperature cathodoluminesce (CL) data from various 

Co:ZnO films. It is clear that the band gap values increases with Co doping as already reported in 

various publications [9]. Though we are identifying each sample with targeted Co concentration, 
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however, the actual composition for each film can be found from Table 4.2 (column 7). The 

composition difference between targeted and resulting film is due to the dependency of Co atom 

incorporation on thin film growth condition. For 30Co:ZnO band gap value is 333 nm and this 

gradual increase in band gap is due to the increase in binding energy of O 2p valence band peak 

through p-d and s-d exchange with Co d electrons [9]. CL spectra for n-type sample shows 

emission peak at 382 nm compared to 376 nm for r-type sample. n-type samples shows both blue 

and green emission peaks around 450 nm and 502 nm which have been ascribed to extended or 

doubly ionized zinc interstitial (Zni) and vacancy oxygen (VO) states in the ZnO band gap 

respectively (inset Fig. 4.18). It has already been shown that under certain annealing condition 

both type of defects can coexist in the structure [10,11]. For r-type sample green emission is 

completely quenched and only blue emission peak is observed. This may be because of higher 

oxygen partial pressure during film growth. For Co:ZnO films only blue emission peak is 

observed. Blue emission peak is observed to be decreasing in intensity and shifting towards 

smaller wavelength with increasing Co incorporation except 25 Co:ZnO sample. From both 

temperature dependent magnetic data and CL emission peaks, it is clear that Co:ZnO samples 

have defect levels in the band gap in addition to the usual exciton emission peak across the band 

gap. 

The most surprising aspect in the magnetism of ZnO is to observe ferromagnetism even 

without transition metal doping. Another noticeable point is that the saturation magnetization 

does not improve significantly with various condition of film growth and with doping 

concentration. This strongly suggests that the Co d electrons remain localized and the magnetism 

observed in this system is itinerant in character. This band magnetism has the origin at either Zni 

or oxygen defect band (for Co:ZnO samples, CL spectra of blue emission has a broad tail 

extending to the green region) and charge transfer occurs from donor defects. The defect band 

originating from Zni or oxygen vacancies (VO) can be spin split according to Stoner’s criteria I 

N↑,↓(εF) > 1, where I is the Stoner’s parameter and N↑,↓(εF) = D(εF) /2n, density of states (DOS) 

per atom for each spin state [12,13].  

We performed Density Functional Theory (DFT) calculations in Wien2k to plot the 

density of states at the Fermi level for the case of pure ZnO, Co doped ZnO with 6.25 % and 

25% O Vacancy. The calculation is performed using Wien2k code which is based on a self-



Chapter 5                                                                             Origin of Magnetism in Co:ZnO 97 

 

consistent scheme by solving Kohn-Sham equations using Full Potential Linearized Augmented 

Plane Wave (FP-LAPW) method within Generalized Gradient Approximation (GGA) [14]. A 

super cell of 32 atoms (2×2×2) that allows us to create a maximum VO or Zni (at the octahedral 

interstices) defect density of 6.25% is considered and the structure is relaxed. This concentration 

of defect is not realistic and actual concentration corresponding to carrier density i.e. 0.01 % 

(~10
19

 cm
-3

) requires consideration of very large supercell with extremely large computational 

time. The self-consistent calculations of the system are converged to an energy less than 10
-4

 Ry. 

A dense K-mesh of 1000 points is used to calculate the density of states of the relaxed structure. 

Tetrahedral method is used for the Brillouin Zone integration. DFT calculation does not predict 

magnetization due to either VO or Zni. In order to calculate the exact excited state properties and 

correct for the band gap, ‘modified Becke-Johnson’ exchange correlation potential (mBJLDA) 

has been used [15-17] and is also discussed in Chapter 3.3. 

 

Figure 5.3. Calculated density of states for the case of pure ZnO showing the Zn p and O p states. For 

pure ZnO case, we do not observe any appreciable density of states due to Zn p or O p at the Fermi level. 

 

Figure 5.3 shows the density of states plot for pure ZnO plotted for comparison with Co 

doped ZnO with and without Vo cases as shown in Fig. 5.4. We find that the density of states due 

to the dopant Co atoms i.e., Co d and states due to the Vo, i.e., O p are increasing with the defect 

and dopant concentration while Zn d and Zn s were suppressed and negligible at the Fermi level. 

The Co d and O p states are appearing the same energy range near the Fermi level and this 
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indicates the possible interaction between the two states. We also found that the defect band at 

the Fermi level is spin split according to the Stoner Criterion [13] making makes I N↑,↓(εF) > 1. 

This has been verified for the cases of both oxygen vacancy and Zn interstitial [5].  

 

Figure 5.4. Calculated denstiy of states for the case of (a) 6.25 % Co doping without oxygen vacancy, (b) 

6.25 % Co doping with oxygen vacancy, (c) 25 % Co doping without oxygen vacancy and (d) 25 % Co 

doping with oxygen vacancy in ZnO. We observe the appearance of Co d and O p states due to the dopant 

and defects respectively, occurring at the same energy range around the Fermi level indicating the 

possible interaction between the two states that results in the experimentally observed ferromagnetism 

and coercivity in these systems. Moreover, the density of Co d and O p states at the Fermi level increases 

with the dopant and defect concentrations in the lattice. 
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Under this scenario only small fraction of carriers will be with one type of spin and with 

increasing number of carrier concentration both types of spins will start filling bands and there 

would not be any significant increase in magnetism as opposite spins will cancel each other’s 

moments. This notion has already been used by Coey et al. to explain defect band magnetism in 

oxides doped with mixed valence TM impurities which serves as charge reservoir [2]. Bound 

magnetic polaron model (BMP) is not operative otherwise the saturation moment would have 

been very high (column 3, Table 4.2 except 20Co:ZnO sample) had TM impurities been aligned 

through interaction with hydrogenic orbital formed due to VO or Zni. Presence of carriers cannot 

be ruled out even in resistive ZnO samples due to spontaneous formation of defects depending 

on Fermi level [18]. 

 

5.3.2 Charge Transfer Ferromagnetism: Co d and Defect Band Interaction 

 

Figure 5.5. Schematic drawn to explain the origin of weak ferromagnetism and giant coercivity in 25% 

Co:ZnO. This is showing the partial charge transfer from anisotropic Co d to the spin-split defect band 

resulting in magneto-crystalline anisotropy and coercivity. 

This increase in coercivity is explained by the establishment of interaction between defect 

band conduction electrons and localized d electrons of Co atoms to some extent. This may be 

quite possible as the charge state of Co is found to be close to +3 from Co L3,2 white line ratio 

(see Chapter 4.3.2), suggesting that charge transfer has taken place to some band possibly to the 
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defect band formed by both VO and Zni. Delocalized band electrons may be formed due to 

oxygen vacancies (VO) or Zn interstitials (Zni) in the lattice and are responsible for the n-type 

conduction in our films. CL data is clearly supporting the formation of such defect states. 

Density of states due to Zni donor defects (or VO) satisfy Stoner’s criteria and cause defect band 

to be spin split. As single Co atom in ZnO show large anisotropy, thus this interaction may be 

responsible for the observed large coercivity in our samples [6]. Fig. 5.5 is the schematic drawn 

to explain the weak ferromagnetism and large anisotropic coercivity in this system. The partial 

charge transfer by the anisotropic Co d to the spin-split defect band (according to the Stoner 

Criterion) leads to large anisotropic coercivity and weak ferromagnetism. 

 

5.3.3 Element Specific Magnetism from Co:ZnO by EMCD 

Electron Magnetic Circular Dichroism (EMCD) is a tool to probe nanoscale magnetism 

and this could be an ultimate technique as of now tool to provide evidence on the element 

specific magnetism in this system. Once can also quantify the magnetic moments. The 25 at.% 

and 20 at.% Co:ZnO thin films were studied with Electron Magnetic Circular Dichroism 

(EMCD) as a probe to investigate the origin of magnetism. The experiment is performed with 

gun monochromator excitation at 300 kV following the procedure as described in Chapter 2. The 

experimental EMCD spectra are acquired selecting g=(0004) and g=(11-20) reflections. The 

energy-filtered diffraction patterns acquired to scan Co L2,3 energy range (765-810 eV) are 

processed using FORTRAN program. The dichroic signal is plotted by taking the difference of 

the L2,3 spectra obtained from the two symmetric positions on the diffraction plane [19].The 

experimental spectra are background subtracted and peak fitted using Eq. 3.7 using asymmetric 

Lorentzian and Gaussian functions. There is also a previous report performing the EMCD to 

illustrate intrinsic ferromagnetism in Co doped ZnO nanostructures [20]. We could obtain a clear 

and weak magnetic dichroic signal from both the films as shown in Fig. 5.6, indicating that the 

Co atom is indeed weakly magnetic in this system due to charge transfer to the defect band. 

Further work need to be done in quantifying the moments to compare with the resultant total 

magnetization from these samples. 



Chapter 5                                                                             Origin of Magnetism in Co:ZnO 101 

 

 

Figure 5.6. Co L2,3 EMCD spectra obtained from 20 % and 25 % Co doped ZnO thin films for two 

different excitations. The film is tilted to excite g=11-20 and g=0004 reflections in the diffraction plane. 

We observed dichroic signal from both the films indicate that the magnetism in these films has the origin 

at the Co atom. 

 

5.4 Conclusions 

In conclusion, we explained the origin of magnetism and giant coercivity in 25% Co 

doped ZnO based on the partial charge transfer from the Co d to the spontaneously spin-split 

defect band resulting in the magneto-crystalline anisotropy due to the Co atom in the lattice. The 

splitting of Co d electron level and their interactions with defect band electrons results in high 
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coercivity. Element specific EMCD at Co L2,3 reveals weak ferromagnetism at the Co atom 

supporting our view on the charge transfer from Co atom to the defect band and the interaction 

between them. Density functional theory based calculations shows the Co d states and defect 

band states overlapping at the Fermi level indicating the possible interaction via charge transfer 

and also these states increases with the increase in the Co and defect concentration in the system. 
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Conclusions and Future Perspectives 

 

 

 

 

 

 

This chapter gives note on the important conclusions drawn from the present thesis along with 

an overview on the future experimental perspectives and capability of electron magnetic circular 

dichroism technique in nano and atomic scale magnetic studies. 
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6.1 Summary of the Thesis 

The main aim of this thesis was the experimental application, theoretical understanding and 

development of Electron Magnetic Circular Dichroism (EMCD) technique in a Transmission 

Electron Microscope (TEM). We have shown that EMCD is a powerful tool for obtaining 

quantitative element and site-specific orbital and spin magnetic moment information at 

nanoscale. 

We successfully obtained high signal over noise ratio at nanoscale with gun 

monochromator excitation from CrO2 epitaxial thin films by EMCD. Magnetic dichroic signal 

obtained from <10 nm region in these films prove EMCD as a nanoscale magnetism 

characterization tool [1]. Quantitative and site-specific magnetic information is obtained from 

NiFe2O4 (NFO) and CoFe2O4 (CFO) epitaxial thin films. ‘K’ parameter in the EMCD sum rules 

is evaluated. We observed that thickness averaged K as well as thickness averaged dichroic 

signal need to be considered for quantitative EMCD analysis which is also the reason for the 

experimentally observed low dichroic signal. Experimental magnetic dichroic signal is obtained 

from regular inverse spinel, cation vacancy and cation mixing regions of NFO and CFO. A 

simple Bloch wave model based on phenomenological absorption is proposed to calculate the 

site-specific signal contributions to the total signal for the inverse spinel structure [2-5]. 

Epitaxial thin films of ZnO and Co/Mn alloyed ZnO with varying dopant percentages upto 

30 % were grown on c- plane sapphire substrate using Pulsed Laser Deposition (PLD) technique. 

Composition dependent coercivity was observed in Co doped ZnO while the observed 

magnetism was feeble and soft in the case of Mn doped ZnO. We obtained ~ 860 Oe coercivity 

for the case of 25 at.% Co:ZnO thin film and this value increased to ~1149 Oe for the applied 

field along perpendicular to c-plane. Co charge state in Co:ZnO was found to be +3 as calculated 

from the L3/L2 white line ratio by electron energy loss spectroscopy. Observed magnetism and 

giant coercivity in these films are explained based on the partial charge transfer from the Co d to 

the spontaneously spin-split defect band resulting in the magneto-crystalline anisotropy due to 

the Co atom in the lattice. Density of states calculated using Density Functional Theory showed 

the increase in the density of Co d and O p states at the Fermi level with the increase in the 

oxygen defect concentration indicating the possible interaction between Co d and defect band. 
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Element specific Co L2,3 magnetic dichroic signal obtained from Co:ZnO system proves that 

magnetism in this system is originating from Co atoms [6-8]. 

6.2 Future: Quantitative Magnetic Information at Atomic Scale 

In the recent years, there has been a tremendous development in the field of transmission 

electron microscopy resulting in various advanced microscopy techniques to be able to provide 

atomic scale information on the type, position and charge state of atoms [9]. Development of 

aberration-corrected electron optics in the recent years plays significant role in attaining such 

atomic scale information. Moreover, working with energy-filtered diffraction patterns measured 

on core-level edges gives access to a wealth of magnetic information originating from spin 

moment, orbital moment, spin-orbital interaction, and individual components of magnetic and 

spin-orbital anisotropy tensors [10]. Electron Microscopes are currently being built with spin 

polarized electron beams [11]. However, several theoretical approaches were proposed to obtain 

atomic scale magnetic information and some of them are discussed in the following sections. 

6.2.1 Mapping Spin-polarized Transitions at Atomic Scale 

The theoretical possibility of mapping spin-polarized chiral transitions on the atomic scale 

is a crucial question related to EMCD. This would result in a unique method to visualize the 

change in the angular momentum of single electrons during an electronic transition. 

 

Figure 6.1. Simulated High resolution (EMCD) image of 12 nm thick ferromagnetic bcc Fe L3 signal 

along [001] zone axis orientation at 200 kV for complete orbital magnetization in (a) positive and (b) 

negative zone axis direction. (c) is the elastic image. Red circles denote the atom positions. Copyright 

(2010) by American Institute of Physics [12]. 
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The dichroic signal is calculated from a single magnetic transition as a function of position 

of the hypothetical ionized atom in the crystal based on density matrix approach. The total 

dichroic signal is then calculated by integrating over all possible scattering centers of the 

specimen to account for the experimental signal [12]. Atomic resolution images of Fe L3 system 

with spin magnetic moments are constructed based on the density matrix approach for inelastic 

electron scattering. The simulated high resolution image shows a shift in the image of ~ 50 pm 

with respect to the centre of the atom to the left/right indicating an up/down magnetic moment of 

the atom. Cs should be able to pick up this faint shift. Fig. 6.1 shows the simulated high 

resolution TEM image considering the experimental parameters that one would easily obtain 

using an aberration corrected microscope [12-15] showing that in principle it is possible to map 

individual spins in a ferromagnet by means of a conventional TEM. 

6.2.2 EMCD with Vortex Electron Beam 

 

Figure 6.2. (a) Scanning electron microscope image of a dual-beam focused ion beam thinned Pt foil that 

acts as a phase dislocation aperture. (b) Diffraction pattern of the vortex aperture illuminated with a 

plane wave of 300 kV. Copyright (2010) by Nature Publishing Group [16]. Formation of electron vortices 

by a spatially coherent plane wave of electrons (c) illuminates a nanofabricated hologram (d) and then 

diffracts into multiple electron vortex beams (e) which are then imaged (f) using a CCD (charge-coupled 

device). The beam cross section shown in (f) is a measured diffracted electron intensity distribution. 

Copyright (2011) by American Association for the Advancement of Science [17]. 
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Experimental realization of production methods to generate electron vortex beams using 

nanofabricated diffraction holograms [16-18] started after their first theoretical introduction by 

Bliokh et al. [19]. Fig. 6.2 is showing the scanning electron microscope image of holographic 

aperture designed on a thinned Pt foil and the schematic of vortex electron beams produced after 

being the aperture being illuminated by plane wave electron beam at 300 kV. It has been 

theoretically proposed that such electron vortex beams carrying high angular momentum can 

detect magnetic dichroic signals indicating their applications in EMCD experiments [20-22]. 

Indeed it was shown computationally that electron vortex beams carrying a large orbital angular 

momentum can detect magnetic signal in a scanning mode only at atomic resolution as suggested 

by selection rules for magnetic quantum number [22,23] and that appreciable EMCD signal can 

only be detected when vortex beam passes directly through or very close to column of magnetic 

atoms. 

6.2.3 Atomic Scale Magnetic Information by Controlling the Phase Symmetry 

The recent report [24] indeed proved theoretically that atomic resolution magnetic 

dichroism signal can be achieved without the need of electron vortex beams. It is possible to 

obtain atomic resolution EMCD signal by breaking the symmetry of the electron probe phase 

distribution using aberration-corrected optics of a scanning transmission electron microscope. 

Strongly hoping that such theoretical proposals will experimentally be successful and the future 

magnetic studies would aim at probing magnetic dichroism, optical dichroism, valley 

polarization etc., with excellent spatial resolution by tailoring electron probe phase distributions.  

Magnetic thin films and nanostructures have diverse applications ranging from data storage to 

those related to medical diagnostics and treatment. Therefore experimental realization of 

theoretical proposals to access atomic scale magnetic information would help in understanding 

and enhancing the applications of advanced magnetic materials. 
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