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Abstract 
The chemical nature, lattice site locations and magnetic behaviour of Fe and/or Co 

ions implanted in nitrides (GaN, AlN, and InN) and in ZnO have been investigated 

using Mössbauer spectroscopy and vibrating sample magnetometer (VSM) 

techniques. 

Mössbauer data on nitride and 56Fe pre-implanted ZnO samples were obtained from 

emission Mössbauer spectroscopy (eMS) measurements at the ISOLDE facility, 

CERN, following the implantation of radioactive 57Mn* which β-decays to the     

14.4 keV Mössbauer state of 57Fe. In addition, conversion electron Mössbauer 

spectroscopy (CEMS) data were collected on ZnO single crystals co-implanted with 

57Fe + 56Fe and 57Fe + 59Co ions in a box profile. 

Emission Mössbauer spectra obtained for GaN and AlN reveal magnetic structure 

in the ‘wings’ assigned to high spin Fe3+ weakly coupled to the lattice showing spin-

lattice relaxation effects. The observed spin-relaxation rate (τ-1) closely follows a 

T 2  temperature dependence, typical of a two-phonon Raman process expected in 

the high temperature region. The spectra for InN did not display any magnetic 

structure, presumably due to the absence of high spin Fe3+. The central region of 

the spectra for all nitride samples showed an angle dependence reflecting the 

crystalline nature of the environment of most 57Fe probes while a small fraction was 

attributed to implantation induced damage in isolated amorphous regions. The 

absence of recoil produced interstitials in the nitride samples could be explained by 

displacement energies of III sublattice atoms being greater than the recoil imparted 

to the 57Fe ions in the 57Mn* β-decay, resulting in the daughter 57Fe maintaining the 

substitutional lattice site occupied by 57Mn* upon implantation.  

For the 56Fe pre-implanted ZnO samples, magnetic structure is visible in the ‘wings’ 

of the spectra as observed previously for virgin ZnO. The spin-lattice relaxation 

rates of Fe3+ in the pre-implanted ZnO samples increase with increasing fluence at 

equivalent temperatures. 

Strong magnetic features are evident in the CEMS spectrum of ZnO:57Fe+56Fe after 

annealing at 973 K which are attributed to different Fe sites in ε-Fe2O3 

nanoparticles. This result is supported by VSM measurements conducted at 4 K and 
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293 K showing ferromagnetic signals with coercive fields of ~0.08 T and ~0.02 T, 

and corresponding remanent magnetisation fields which are ~62% and ~34% of the 

saturation magnetisation at respective temperatures. The spectrum for 

ZnO:57Fe+59Co did not reveal any magnetic feature at 973 K, but shows a switch to 

hyperfine parameters consistent with Fe3+ in different local environments. The 

absence of any magnetic structure in the spectra suggests the absence of ε-Fe2O3, 

attributed to low concentration of Fe atoms. 

The spin-lattice relaxation rates of Fe3+, lattice site locations, annealing behaviour 

and variation of hyperfine parameters of spectral components as a function of 

temperature in these materials are discussed. 

In addition, a report on the development of a new parallel plate avalanche counter 

(PPAC) based on an FeAl single line electrode is presented. 
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Introduction 

Semiconductors have been at the core of most technological developments in the 

electronic industry since the discovery of the first transistor [1,2] in 1947. Currently 

assembled in millions on a single integrated circuit (IC) or microchip, transistors 

are the key active components mainly utilised as amplifiers and switches. 

The entire semiconductor industry relies on intentionally incorporating impurity or 

foreign atoms in order to improve existing materials and also to tailor-make their 

properties to specific applications. The inter-atomic bonding mechanism between 

valence electrons and the resulting atomic arrangement influence the electrical, 

optical, photonic and magnetic properties of semiconducting materials.  

In electronic devices, the electron charge is solely responsible for the functionality 

and behaviour of semiconducting materials. Over the past few decades, intensive 

research spawned to extend functionality of established solid state devices by use 

of the electron spin in addition to its charge. A new era started in the late 1980s with 

the discovery of the giant magnetoresistance (GMR) effect by independent groups 

led by A. Fert [3] and P. Grünberg [4]. In 2007, these researchers shared the Nobel 

Prize in Physics for this discovery. The GMR effect is observed as a significant 

change in electrical resistance in spin-valves (thin films comprising of alternating 

ferromagnetic and non-magnetic layers), depending on whether the magnetisation 

of ferromagnetic layers are aligned in parallel or anti-parallel [3,4,5]. The former 

alignment results in low resistance whilst the latter yields high resistance. This gave 

birth to a new field of research known as “spin electronics” which is commonly 

referred to as “spintronics” [6]. Spintronics exploits how the mobility of electrons in 

a ferromagnetic material is influenced by the spin and its associated magnetic 

moment. The success of the discovery was first published in The Wall Street 

Journal [7] when IBM announced news of actual read heads for magnetic hard 

drives using the GMR effect not just ‘proof of concept’ devices. However, the 

performance of spin-valve devices was exceeded and replaced by magnetic tunnel 

junctions (MTJs) based on the tunnelling magnetoresistance (TMR) effect. Non-

volatile magnetic random-access memory (MRAM) devices were the first ‘fruits’ 



 
 

Introduction 

2 

 

of this modification. Solid state devices based on GMR and TMR effects have 

similar sandwich structures; however, insulating non-magnetic layers are utilised in 

MTJs in place of non-magnetic conductive layers. In addition to non-volatility, 

spintronic devices have shown to have high processing speeds, increased storage 

capacity, and power efficient [8] compared to conventional electronic devices.  

The advantages of spintronic devices based on the magnetoresistance effect have 

been highlighted, but, in these devices, semiconductor materials are used for 

information processing while metallic magnetic materials are used for data storage. 

The main goal in spintronics is to design a system encompassing semiconducting 

and ferromagnetic properties in one material. This is bound to extend functionality 

and be cost effective by reducing processing time and energy costs. However, 

semiconductor materials such as Si, GaN, and ZnO are not magnetic while 

ferromagnetic materials such as Fe, Co and Ni are not semiconductors. Moreover, 

semiconductors and metals have different crystal structures and conductivity 

mismatch that will hinder functionality of the resulting heterostructures and lower 

effective spin-injection [9]. On the other hand, both ferromagnetic and 

semiconducting properties are known to coexist in chromium spinels [10,11] and 

europium chalcogenides [12]. Nevertheless, such magnetic semiconductors have 

Curie temperatures (Tc) far below room temperature (RT) (Tc < 100 K), which 

limits their practical application in spintronic devices. Furthermore, the 

magnetoresistance effect (in both GMR and TMR) is a semi-classical    

phenomenon [13,14,15] which stems from combined spin-dependent scattering [16,17] 

experienced by electrons at interfaces and in bulk layers. As a result, the quantum 

nature of individual electron spin and its control have not been fully exploited. 

An attractive alternative is the modification of existing semiconductor materials by 

incorporating magnetic metallic dopants or impurities to realise dilute magnetic 

semiconductors (DMS). A DMS material is one in which a small fraction of the 

host cations are substititutionally replaced by magnetic ions either from transition 

metals (TM) or rare earth (RE) elements [18]. Current microelectronic devices are 

semiconductor based; hence magnetic semiconductors would be compatible with 

existing IC technology. Moreover, in contrast to metals, semiconductors have the 
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ability to amplify electrical as well as optical signals, thus creating more 

possibilities for data processing. Transition metal doped non-magnetic 

semiconductors, mainly oxides and nitrides have attracted much attention since 

theoretical predictions that these materials could exhibit ferromagnetic behaviour 

at and above room temperature resulting from carrier-mediated magnetic 

interactions [19]. Research in this field has been progressing on two fronts:  

a) In wide band gap semiconducting materials such as ZnO and GaN doped with 

3d metals: 

There exist several review reports of such systems in both GaN and                    

ZnO [20,21,22,23]. TM doped wide band gap semiconductors have been shown to 

exhibit different forms of magnetism, while the origin of the observed magnetic 

effects is still under debate [24,25,26,27]. A detailed summary of the published 

theoretical and experimental work will be given under the literature survey 

section in chapter 1. 

b) In narrow gap semiconductors, for example GaAs doped with Mn: 

Carrier mediated ferromagnetic behaviour has been observed in GaAs doped 

with Mn, but still with a Curie temperature below room temperature. In 1996, 

Ohno et al. [28] first reported a Tc of 110 K, but more recently in 2008,              

Wang et al. [29], determined Tc for this system to be ~185 K. The larger Tc is 

attributed to the progress in tuning the quality of material during growth. In 

(Ga,Mn)As, Mn ions on Ga substitutional sites act as acceptors and the resulting 

itinerant holes mediate ferromagnetic coupling between the localised Mn 

magnetic spins [19]. This system could provide fundamental insight if the 

mechanism can be realised in other DMS materials. 

The search for a fundamental understanding of the origin and nature of magnetism 

in dilute semiconductors continues motivated by the possibility of potential 

technological applications in spintronics. The projects presented in this thesis seek 

to contribute to this search, and focus on studies of magnetism in: (a) 57Fe implanted 

III-nitrides (GaN, InN and AlN) and (b) 57Fe, 56Fe and 59Co implanted ZnO. 57Fe 

Mössbauer spectroscopy was applied using the following approaches; (a) emission 
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Mössbauer spectroscopy (eMS) using the short-lived radioactive isotope, 57Mn* 

with a half-life, t1/2 = 1.5 min, as a precursor and (b) conversion electron Mössbauer 

spectroscopy (CEMS) using implantation of stable 57Fe isotope and a conventional 

57Co* source. In addition, vibrating sample magnetometer (VSM) was utilised to 

give magnetisation information about the samples under study. Mössbauer 

spectroscopy has been selected as the main research tool because of its extreme 

sensitivity to both the bonding mechanism and the local environment in the vicinity 

of the probe atoms.  

Overview of thesis  

Chapter 1 focuses on the properties of materials under study and a literature survey 

on structural, electronic and magnetic behaviour of transition metal doped 

semiconductors. Moreover, the theory behind paramagnetic spin-flip mechanisms 

is presented in this chapter while the introductory concepts on magnetism and the 

different classes are given in Appendix A.  Lastly, chapter 1 outlines the aims and 

objectives of the research project guided by the literature review and the identified 

research gaps. In Chapter 2 the theory of the Mössbauer effect and the related 

hyperfine parameters are discussed. Chapter 3 gives a brief description of material 

modification by ion implantation and introduces the experimental techniques 

employed in this study (eMS, CEMS and VSM). The analysis of data obtained from 

eMS, CEMS and VSM measurements on nitrides and ZnO samples, and the 

interpretation of results are presented and discussed in chapter 4, which concludes 

with an overview of the main findings. Chapter 5 presents an outlook from the main 

conclusions and recommendations for further studies. The details of the 

development of a new parallel plate detector based on an FeAl electrode and 

preliminary test measurements are reported and discussed in Appendix B. 
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Chapter 1  

Fundamental Concepts and Literature Review 

III-nitrides, ZnO and their alloys form a unique class of semiconducting materials 

with extraordinary qualities in terms of their crystal structure, optical properties, 

and electrical properties among others. These novel qualities have made them 

useful in a wide range of applications in optoelectronic and high-frequency devices 

such as light emitting diodes (LEDs), laser diodes, and monolithic microwave 

integrated circuits (MMICs) and high power field effect transistors (FETs) for 

satellite and terrestrial communication [30,31,32,33]. Their functionality as 

semiconducting materials is greatly influenced by the presence of intrinsic or 

extrinsic defects created either during growth or doping processes. Recently, these 

materials, mainly ZnO and GaN have attracted much attention following the 

prediction of their potential application in spintronic devices when doped with 

transition metals [19,34].  

A summary of relevant properties of III-nitrides and ZnO materials is given in this 

chapter. In addition, a brief discussion of different types of point defects is included 

since their nature and lattice site location is vital for understanding new properties 

in doped semiconducting materials. Moreover, a literature survey of transition 

metals in nitrides and ZnO is presented and the chapter concludes with an outline 

of the aims and specific objectives of the projects undertaken.  

1.1. Properties of III-nitrides and ZnO  

Group III-nitrides and ZnO are thermodynamically stable in the wurtzite structure 

for bulk materials under ambient conditions but may also be found in zinc-blende 

and rock salt structure under different conditions. In the wurtzite structure, ZnO, 

AlN, GaN and InN have a C4
6v - P63mc space group symmetry, where each atom is 

tetrahedrally bonded to four nearest neighbours (and vice versa) resulting from sp3 

hybridisation, typical of covalent bonding, however, these materials have partial 

ionic character, especially ZnO is more ionic than covalent. Figure 1.1 (a) and (b) 

depicts 22 unit cells and a unit cell, respectively for typical configuration of atoms 
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in a wurtzite structure, exemplified by GaN, while Figure 1.1 (c) shows the view 

along the c-axis.  

A list of selected properties for AlN, GaN, AlN and ZnO measured at room 

temperature is presented in Table 1.1.  

Table 1.1: Selected properties for group III-nitrides and ZnO. 

Property AlN GaN InN ZnO 

Density (g.cm-3) 3.257 [35] 6.15 [36,37] 6.81-6.98 [38] 5.607 [39] 

Debye 

Temperature (K) 

980 [40], 

991 [41] 

820 [42], 

673 [41] 

660 [43], 

444 [41] 

440 [44] 

Melting Point (K) 3273 [31] 2773 [45] 1373 [31] 2242 [46] 

Bond length (Å) 1.86 [47] 1.94 [47] ~2.12 [48] 1.97 [46] 

Band Gap (eV) 6.23 [49] 3.51 [49], 3.42 [50] 0.7-1.0 [51,52,53,54,55,56,57] 3.4 [58] 

Phillips Ionicity [59] 0.449 0.500 0.578 0.616 

The relatively high Debye temperature, melting point, and shorter bond length in 

AlN suggests that the Al-N bonds are stronger than to Ga-N and In-N bonds. The 

bond strength decreases as one descends group III of the Periodic Table. In addition, 

the nitrides and ZnO have partially ionic and partially covalent bonds, which are 

defined by their respective Phillips’ ionicity values. Interestingly, GaN and ZnO 

have similar melting points, bond lengths, band gaps and densities. However, the 

Debye temperature for GaN is higher than that for ZnO, suggesting that Ga-N bonds 

are stronger than Zn-O bonds in the respective materials. Furthermore, the Phillips 

Figure 1.1:  Wurtzite crystal structure of GaN: (a) 22 unit cells, (b) unit cell and (c) view along 

the c-axis. 
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ionicity for ZnO is slightly greater than for GaN, indicating that ZnO is more ionic 

than GaN. These similarities and differences are expected to influence their 

behaviour as semiconducting materials.  

1.2. Point defects 

Crystalline materials have a periodic arrangement of atoms in their lattice structure 

and deviation from this regular atomic structure results in crystal defects known as 

point defects. These point defects can manifest as a missing atom from a regular 

lattice site (vacancy), atoms in incorrect lattice sites (antisite/substitutional impurity 

defects) or an atom in an open space between two ordinary lattice host atoms 

(interstitial defect). Impurity atoms can also be incorporated in other defect 

structures resulting in substitutional or interstitial-vacancy complexes. The different 

types of point defects are shown in Figure 1.2. 

 

 

Figure 1.2: A schematic illustration of different types of point defects. 

1.3. Literature survey 

In this section, a number of published reports on transition metal doped III-nitrides 

and ZnO semiconductors will be reviewed and have been categorised into sub-

sections highlighting information on ion-solid interactions. 

1.3.1. Displacement energies 

The ion implantation process involves collisions between ions and target atoms 

resulting in slowing down of the ions and loss of energy through nuclear and 

electronic stopping [60]. An important property in determining the nature of the 

defect and/or damage formation created by the implantation process in host 

materials is the threshold displacement energy (Ed) i.e. the minimum kinetic energy 
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required to permanently remove the host atom from its lattice site upon impact 

resulting in a stable defect. Depending on the initial kinetic energy transferred from 

the incident ions to the target atoms, the primary knock-on atoms may in turn further 

displace other host atoms resulting in several atomic collision cascades. 

Subsequently, this may lead to a distribution of vacancies, interstitials and/or 

various types of defects. However, if the kinetic energy imparted to the host atoms 

is less than Ed, the energy is transferred to lattice vibrations and distributed as heat 

among the surrounding atoms.  

A. Displacement energies in III-Nitrides 

Different Ed values have been reported in the literature for nitrides, mainly GaN and 

AlN, from both theoretical calculations [61,62,63,64] and experimental work [65,66]. In 

1977, Desnica et al. [61] applied Van Vechten’s theory [67] to determine the 

displacement energy in GaN for Ga atoms of Ed(Ga) to be 25.5 eV. The theory 

utilises the sum of vacancy formation, interstitial formation and lattice distortion 

energies. On the other hand, Van Vechten [67] reported values of Ed(Ga) = 24.3 eV 

and Ed(N) = 32.5 eV while molecular dynamics simulations performed by Nord et 

al. [63] suggest that the smallest displacement energies are Ed(Ga) = 18.8 eV and 

Ed(N) = 22 eV for Ga and N, respectively. Furthermore, these authors found that 

the average values calculated over all angles results in higher values of                

Ed(Ga) = 45±1 eV and Ed(N) = 109±2 eV. These results suggest that more energy 

is required to displace N atoms than Ga atoms. On the contrary, Xiao et al. [64] 

recently presented molecular dynamics simulations for five main crystallographic 

directions in GaN and estimated higher average values of Ed(Ga) = 73.2 eV 

compared to   Ed(N) = 32.4 eV. In 1997, Look et al. [65] studied transport properties 

of electron irradiated GaN films and showed that Ed(Ga) is 20.5 eV and Ed(N) is 

10.8 eV. Electron irradiation studies by Ionascut-Nedelcescu and co-authors [66] in 

2002 monitored the changes in luminescence of GaN LEDs as a function irradiation 

energies (300-1400 keV) and found a displacement energy of Ed(Ga) = 19 eV 

resulting from a threshold irradiation energy of 440 keV. The authors did not 

observe any displacement of N atoms and concluded that the nitrogen sublattice 

repairs itself through room temperature annealing.  
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In 1977, Van Vechten [62] employed a semi-empirical analysis from which 

displacement energies of Ed(Al) = 27 eV and Ed(N) = 35 eV were obtained for AlN. 

Recently, Wendler [68] estimated values of Ed(Al) = 42 eV and Ed(N) = 35 eV in 

AlN using cross section of damage formation per ion obtained from Rutherford 

backscattering spectrometry (RBS) in channelling mode (RBS/C) and values 

calculated using SRIM [69].  

There are very few reports and limited information on average displacement 

energies in InN. Jones [70] applied SRIM calculations and determined mean 

threshold displacement energies of 15 eV for both In and N in InN.  

B. Displacement energies in ZnO 

 Similar to GaN, there is a wide range of displacement values reported for both 

atoms in ZnO. In a review article on the properties of ZnO, Zinkle and           

Kinoshita [71] reported displacement energies of 47-55 eV for the O sublattice and 

40-70 eV for the Zn sublattice. Lorenz et al. [72], performed RBS/C studies in ZnO 

implanted with N, Ar and Er ions and obtained a maximum displacement energy of 

Ed(Zn) = 65 eV for the (0001) oriented ZnO which is in good agreement with the 

results reported by Zinkle and Kinoshita. However, earlier thermodynamic 

calculations by Van Vechten [67] show very small displacement value of              

Ed(Zn) = 18.5 eV and an Ed(O) = 41.4 eV, while Locker and Meese [73] obtained a 

threshold displacement energy of 57 eV for both sublattices. On the other hand, 

cathodoluminescence (CL) studies following electron irradiation by Pazionis and 

Schulz [74] resulted in a calculated value of Ed(Zn) = 56 eV. Moreover, simulations 

presented by Erhart et al. [75], give an Ed(Zn) of 45 eV along the c-axis and 42 eV 

for all directions.  

1.3.2. Defects, radiation damage and annealing processes 

A. Structural characterisation of dopants in III-Nitrides 

Several investigations [76,77,78,79,80,81,82] have been conducted to monitor radiation 

induced damage, defects formed and annealing behaviour of ion implantation, 

especially in GaN and AlN using different dopants. A number of studies [76,78,79] 

attest to the radiation hardness of GaN and AlN, which may be attributed to the 

dynamic annealing during the irradiation and/or implantation processes coupled 
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with strong interatomic bonds in these materials. In 1996, Tan et al. [76] applied        

90 keV Si implantation in GaN and found a critical amorphisation fluence of 

2.4×1016 ions/cm2 while 5×1016 ions/cm2 of Ca+ and Ar+ ions implanted in GaN was 

reported by Liu et al. [77] in 1997. Further studies by Liu et al. [80] using                

1×1016 ions/cm2 of Fe+ implantation in GaN confirmed resistance to amorphisation. 

In AlN, amorphisation was observed by Lorenz et al. [79] after implantation of 300 

keV Eu ions to fluences as high as 1.4×1017 ions/cm2. The authors recommended 

channelled implantation to lower the damage formed, and observed that the induced 

damage is stable up to temperatures of ~1573 K. In the case of InN, a few reports 

on ion implantation are available. Lacroix and co-authors [83] have observed high 

sensitivity to damage formation after 300 keV low fluence implantation            

(5×1012 ions/cm2) of Eu atoms. Nitrogen depletion was observed after annealing at 

823K [84], and also during elastic recoil detection analysis (ERDA) [85], from ion 

implantation and irradiation [86,87] studies. Lacroix et al. [83], suggested that the 

damage formation is stimulated by the formation of a dense network of extended 

defects and also observed that fluences in the range 1015-17 ions/cm2 are responsible 

for the breakdown of the wurtzite crystal structure in both GaN and AlN compared 

to  InN [83].  

A review of positron annihilation investigations in III-nitrides by Tuomisto [88] 

points to III-sublattice vacancies as the predominant defects in these materials and 

also observed N vacancies (VN). On the contrary, density functional theory       

(DFT) [89] calculations indicated that nitrogen vacancies as the dominant native 

defects in GaN. However, Doppler broadening spectra and positron lifetime 

measurements for  Si+, O+ and Be+ performed by Uedono et al. [90] suggested the 

presence of complexes in the form of VGaVN‘s divacancies in addition to gallium 

vacancies (VGa). Upon annealing at 673 K, these authors observed the 

agglomeration of defects which they attributed to the mobility and dissociation of 

VGa‘s and VGaVN‘s. On the other hand, Saarinen et al. [91,92], reported that Ga 

vacancies created by 2 MeV electron irradiation recovered upon annealing in the 

temperature range of ~500-700 K, while Uedono et al. [90] suggested that heat 

treatments around 1173 K suppresses the clustering of these defects and aided the 

annealing of implantation induced defects.  
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In addition, Lee et al. [93] performed a number of structural characterisation 

measurements on GaN films, after implantation of 5×1016 ions/cm2 of Co, Cr and 

V ions with an energy of 250 keV at 623 K and subsequent annealing. The authors 

utilised X-ray diffraction (XRD), selective area diffraction pattern (SADP) and 

transmission electron microscopy (TEM) and found that the implantation induced 

damage was in the form of defects and dislocation loops. No secondary phase 

formation even within the detectable limits of the characterisation techniques was 

observed and the authors were unable to specify the type of defects. Kim et al. [94] 

applied high resolution-XRD, SADP and TEM on GaN implanted with               

3×1016 ions/cm2 of Co ions and confirmed the absence of any peaks associated with 

secondary phase formation. Although the secondary phases were not observed, both 

research groups did not completely eliminate the notion of the existence of cluster 

formation and the contribution of the implanted ions to magnetism in GaN. 

However, additional X-ray photoelectron spectroscopy (XPS) depth measurements 

by Kim et al. [95] revealed the presence of Co or CoGa magnetic clusters. Further 

studies by Talut et al. [96] showed α-Fe nanocluster formation in GaN implanted 

with 200 keV 57Fe ions at 623 K for ion fluences between 4×1016 and 1.6×1017 

ions/cm2 after annealing between 973 K and 1123 K. The Fe cluster sizes depended 

on ion fluence and annealing temperatures.  

B. Defects in ZnO 

A number of Raman spectroscopy studies of virgin and doped ZnO layers grown 

by different techniques have reported [97,98,99] anomalous Raman modes, most of 

which could be explained by the presence of local vibrational modes of impurities 

or defects, specifically N local defects. Similar modes located at around 277, 511, 

583 and 644 cm-1 were detected for Sb Al, and Fe doped ZnO films intentionally 

grown without N. The mode at 277 cm-1 was also present in Ga doped ZnO [100]. 

Since these modes have no direct relation to N incorporation, their origin was 

suggested to be as a result of host lattice defects. Moreover, additional modes at 

720, 631 and 531 cm-1 were observed in Fe, Ga, and Sb dopants, respectively, while 

Li doped ZnO did not reveal any additional modes. Manjón et al. [101], also argued 

that most of these observed modes are associated with silent modes due to the 

breakdown of the translational crystal symmetry induced by the defects and 
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dopants. These authors also observed similar modes in nitride films and alloys. The 

Raman spectrum for ZnO implanted with 8×1016 ions/cm2 (~16.92 at %) of Fe+ ions 

at 80 keV exhibits the E2 (high), A1(LO) and 2E2(M) modes which suggests that the 

Fe ions are incorporated in Zn substitutional positions in ZnO. This non-covalent 

substitution of Fe on Zn lattice sites act as acceptors and provide localised spins, 

which play a key role in ferromagnetism [102]. However, ZnO implanted with Mn at 

an energy of 220 keV with different fluences (1015-1017 ions/cm2), gave a mode at 

around 230 cm-1 and was found in all implanted samples. This mode was assigned 

to radiation induced damage of the ZnO crystal structure [103]. A second mode 

observed at 523 cm-1 was attributed to Zn-related vibrations due to Mn 

incorporation. Theoretical calculations [103] reveal that this mode is due to the 

vibration of Zn atoms surrounded by its first nearest neighbour O atoms, being 

partially replaced by Mn atoms in the ZnO crystal lattice. 

1.3.3. Site location and charge states of dopant ions 

A. Lattice site location and charge states of TM ions in III-Nitrides  

In 2001, Alves et al. [104] performed a transmission Mössbauer study of GaN 

implanted with 150 keV Fe ions with fluence of 1×1016 ions/cm2. The spectrum of 

the as-implanted sample was dominated by a doublet (~90%) with hyperfine 

parameters of δ = 0.12 mm/s and ΔEQ = 0.52 mm/s; and a single line with                       

δ = -0.17mm/s. The single line was attributed to paramagnetic Fe clusters and the 

doublet assigned to the majority of Fe ions occupying Ga sites. No clear assignment 

of any implanted ions in damaged regions was reported by the authors. After 

annealing in flowing N2 at 923 K for 15 min and 1273 K for 2 min, 100% of the Fe 

atoms were found to be located on substitutional Ga sites [80,104]. This conclusion 

was supported by their RBS measurements in channelling configuration (RBS/C) 

and proton induced X-ray emission (PIXE) measurements, which also confirmed 

the lattice recovery of the induced damage in the implanted sample. These 

observations were confirmed by emission channelling (EC) measurements by Wahl 

et al. [105] on GaN samples implanted with 60 keV 59Fe ions at room-temperature 

with a fluence of 1×1013 ions/cm2. Their results provided direct evidence that 80% 

of the implanted Fe atoms in the as-implanted sample were incorporated on 

substitutional sites whilst the remainder were located on “random” sites [105]. 
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Annealing the sample up to 1173 K resulted in no change in the substitutional 

fraction. Similar measurements on rare earth [106] elements in III-nitrides introduced 

by ion implantation or in-situ doping with molecular beam epitaxy (MBE), showed 

that all the RE ions did not occupy the perfect substitutional site but were displaced 

around this site and a small fraction of the ions were located in the so-called 

“random” sites.  Further EC and perturbed angular correlation (PAC) studies of 

heavy (111In and 89Sr) and light (8Li and 24Na) radioactive ions implanted in GaN 

and AlN were reported by Ronning et al. [107]. The EC results showed that the heavy 

ions mainly occupied substitutional III sub-lattice sites directly upon room 

temperature implantation, no significant change was observed after annealing up to 

1073 K. The light ions mainly occupied interstitial sites at room temperature. Even 

though implantation induced damage could be completely annealed at high 

temperatures (T~1073 K), the authors did not rule out the presence of point defects. 

Diffusion and occupation of interstitial sites by Li ions were observed in GaN and 

AlN for implantations performed above 700 K. However, after annealing for 10 

minutes at 1073 K, Na ions showed a lattice site change to substitutional sites in 

AlN but not in GaN. In 2006, Dhara et al. [108] conducted systematic PIXE 

measurements on 400 keV Co implanted GaN samples (with concentrations of 5, 

8, and 11 at. %) at 620 K after subsequent annealing for 7 minutes in ultrahigh pure 

N2 at 700oC and found that Co atoms were located on Ga lattice sites.  

Conversion electron Mössbauer spectroscopy (CEMS) measurements of Fe 

implanted AlN with high fluences ranging from 7×1016 at./cm2 to 2×1017 at./cm2 

were reported by Borowski et al. [109]. The spectrum for the as-implanted sample  

(6×1016 Fe at./cm2 ) was analysed with a single line S (δ = -0.22 mm/s) and two 

doublets, D1 (δ = 0.56 mm/s, EQ = 0.68 mm/s) and D2 (δ = 1.03 mm/s,                     

EQ = 1.08 mm/s) attributed to isolated Fe3+ with three and four nearest N 

neighbours, respectively. 

CEMS studies of 57Fe implanted GaN at different temperatures with fluence 

between 1×1016 and 1×1017 ions/cm2 were published by Talut et al. [96,110,111]. The 

authors adapted a similar analysis model employed by Borowski et al. [109] for AlN. 

Their spectrum was characterised by a single line (δ = -0.05 mm/s) and two 

doublets; DIII (δ = 0.42 mm/s, EQ = 0.48 mm/s) and DIV (δ = 0.59 mm/s,                 
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EQ = 0.71 mm/s). The single line was assigned to either superparamagnetic α-Fe 

or to paramagnetic γ-Fe, while the doublets were assigned/attributed to Fe3+ with 

three and four nearest N neighbours, respectively. The authors reported that 

approximately 24% of the Fe atoms were found in substitutional Ga sites (DIV) and 

the remainder distributed either on interstitial locations or as small precipitates. In 

GaN the spectral components DIV and D2 disappeared after annealing at 1123 K 

while in AlN this effect occurred at 1073 K. In AlN, small increases in the 

population of both S and D1 were observed after annealing at 1073 K, while in GaN 

a very strong magnetic signal assigned to ferromagnetic α-Fe dominated the spectra 

(~86%) after annealing at 1123 K.  

RBS/C results presented by Lorenz et al. [112] showed that implanted Hf atoms in 

AlN occupied Al substitutional sites. Recently, Miranda et al. [113,114] and Kessler  

et al. [115], reported on investigations of Cd and Ag implanted AlN and GaN, 

respectively with fluences ranging from  1×1013 at./cm2 to 1.7×1015 at./cm2 with   

150 keV ion energy using RBS/C, HR-XRD and PAC. The authors observed the 

incorporation of Cd on substitutional III sites in both materials, while Ag is slightly 

displaced from a substitutional site. The implantation induced damage is partially 

removed for high fluences while the lattice is fully recovered for lower fluences 

after annealing at 1223 K in flowing nitrogen. 

B. Lattice site location and charge states of TM ions in ZnO  

Potzger et al. [116] reported CEMS measurements after implantation of 57Fe with an 

energy of 180 keV at an angle of 7° into a ZnO single crystal held at 623 K to a 

fluence of 4×1016 cm-2. The spectrum obtained at room temperature was analysed 

with four spectral components; a single line with  = 0.53 mm/s, two quadrupole 

split doublets, an inner doublet with parameters  = 0.69 mm/s and EQ = 0.6 mm/s, 

and an outer doublet with parameters  = 0.78 mm/s and EQ = 1.3 mm/s and a 

magnetic sextet assigned to -Fe metallic nanoparticles. The single line was 

assigned to Fe3+ while the two doublets were attributed to Fe2+. Annealing the 

sample at 823 K for 15 minutes favoured the growth of Fe particles while increasing 

the temperature to 1023 K and annealing for 3.5 hours resulted in formation of 

ZnFe2O4 nanoparticles [117]. In a follow-up experiment [118], the formation of these 



 
 
 
 

Chapter 1                                                                            Fundamental Concepts and Literature Review 

15 

 

secondary phases was suppressed when the ZnO sample was annealed at 1273 K in 

O2 or under high vacuum before implantation with Fe.  

Monteiro et al. [119] conducted PIXE measurements on ZnO after implantation of 

56Fe with a fluence of up to 1016 ions/cm2 at 100 keV and observed that ~56% of 

the Fe atoms in the as-implanted sample were located along the c-axis of ZnO which 

increased to ~73% after annealing at 1323 K. In addition, the same group also 

performed EC studies [120] on ZnO single crystals implanted at room temperature 

with 60 keV 59Mn/59Fe a fluence of 2×1013 ions/cm2 and showed that approximately 

95% of the Fe atoms occupied substitutional Zn sites with no evidence of Fe on 

substitutional O or interstitial sites. 

1.3.4. Magnetism in transition metal doped ZnO and III-nitrides  

Dietl and co-authors [19] suggested that DMS materials such as p-type GaN and ZnO 

doped  with concentration in the order of 3×1020 cm-3 of Mn ions could exhibit 

Curie temperatures above room temperature. The ferromagnetic ordering among 

the spins of isolated Mn atoms is proposed to be mediated by itinerant holes. The 

theoretical calculations ignited a flurry of intense experimental search for TM 

doped metal oxides and III-nitrides as potential DMS’s.  

A. Magnetism in TM doped III-Nitrides 

There have been several studies of magnetic behaviour in III-nitrides implanted 

with TM ions. Room temperature ferromagnetism (RTFM) has been reported  in 

GaN samples implanted at 623 K with 57Fe ions to fluences between                      

4×1016 and 1.6×1017 ions/cm2 [96]. Ferromagnetic-like ordering was evident at 5 K 

and up to 320 K in Co and Cr implanted GaN samples, while paramagnetic 

behaviour was observed for Vanadium (V) implanted samples [93] over the whole 

temperature range. In contrast, Pereira and co-authors [121], reported strong 

antiferromagnetic interactions between Cr atoms implanted in GaN with 

concentrations up to 35%, while the uncompensated Cr atoms showed paramagnetic 

behaviour. GaN films implanted with 80 keV, 3×1016 ions/cm2 of Co- ions at           

623 K and annealed at 973 K showed superparamagnetic features [94]. Kim et al. [95] 

conducted magnetisation measurements at 5 K, using a superconducting quantum 

interference device (SQUID) magnetometer and observed a distinct ferromagnetic 



 
 
 
 

Chapter 1                                                                            Fundamental Concepts and Literature Review 

16 

 

behaviour in Co implanted GaN but the effect disappeared at room temperature 

even within the resolution limits of the measurements. Bonanni et al. [122], 

performed electron paramagnetic resonance (EPR) and photoluminescence (PL) 

measurements on metalorganic chemical vapour deposition (MOCVD) grown 

GaN:Fe and found the existence of Fe in the isolated 3d5(Fe3+) state. Furthermore, 

their SQUID measurements showed that in addition to Curie paramagnetism due to 

Fe3+, a temperature independent contribution exists which the authors have 

tentatively attributed to van Vleck paramagnetism of Fe in the Fe2+ state. 

The properties of AlN layer grown by MOCVD on sapphire implanted with     

3×1016 ions/cm2 of Co+, Cr+ and Mn+ at 250 keV were reported by Frazier et              

al. [123]. AlN implanted with Co+ and Cr+ showed ferromagnetic ordering at 300 K 

after annealing at 1223 K for 2 minutes in N2. The ferromagnetism was evidenced 

by the presence of a hysteresis loop in M versus H measurements while Mn+ 

implanted samples showed distinct hysteresis loops up to ~100 K. The authors 

suggested that this contribution could be increased by annealing the sample to 

higher temperatures.  

Belabbes et al. [124] carried out theoretical density functional studies of Cr doped 

InN and showed that ferromagnetism originates from the coupling between the Cr 

d and the N p states, while Xie et al. [125] claimed that virgin InN exhibits RTFM, 

with a Curie temperature of ~297 K originating from In vacancy defects.  

B. Magnetic properties of TM doped ZnO 

Ferromagnetic behaviour has been reported in ZnO implanted with Fe [116,117,118,126] 

and Co [127,128,129],  and attributed to the presence of metallic nanoparticles/clusters 

and/or secondary phases. In Fe implanted ZnO,  even though Fe is present in the 

Fe2+ and Fe3+ charge states, their separation distance is quite large and prohibits 

ferromagnetic coupling due to the lack of p-type carriers [130]. Matei et al. [131], have 

reported the observation of RTFM for electrochemically grown ZnO:Co with 5 at.% 

Co concentration. The origin of the ferromagnetism could not be established; 

however the authors suggested it could be related to Co3O4 complexes, Zn 

interstitials and/or oxygen vacancies. Similar results of intrinsic ferromagnetism in 

Co implanted ZnO were reported by Zhang and co-authors [132] but no 

ferromagnetism was observed with Fe-doped samples. Micro-Raman and XRD 
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studies of Mn, Ni, Co and Fe implanted ZnO with concentrations of 4-16 at.% were 

reported by Schumm et al. [133]. After annealing the samples with concentrations ≥ 

8 at.%. at 973 K, the authors observed secondary phases of the form ZnTMxOy for 

Mn and Co implantations and Zn-TM-O complexes for Mn and Fe.  

Amidst the different findings concerning the origin and nature of magnetic 

behaviour in doped semiconductors, ferromagnetism has been reported based on 

hysteresis loops obtained from high sensitivity magnetometry measurements, 

however, careful handling of specimens was required. Pereira et al. [134], reported 

practical guidelines to eliminate contamination during sample preparation and 

handling prior to using such measurements, which could result in artificial 

ferromagnetic hysteresis loops. 

1.3.5. Exchange interactions  

Several mechanisms have been proposed to explain magnetism in TM doped 

semiconductors. In (Ga,Mn)As, Dietl et al. [19], proposed the mean-field Zener 

model to explain the predicted high Tc in this material. This model is a combination 

of the Zener model [135] for metals and the Ruderman-Kittel-Kasuya-Yosida 

(RKKY) interactions initially proposed by Ruderman and Kittel [136] and later 

extended separately by Kasuya [137] and Yosida [138]. In Zener’s theory, the direct 

interaction between the d shells of TM atoms (superexchange) leads to 

antiferromagnetic coupling of the d shell spin for atoms with half-filled d shells. 

However, in the same system, ferromagnetic configuration is possible through 

indirect coupling of the spins because the conduction electrons tend to align the 

spins in the incomplete d shells. The RKKY interaction is based on the indirect 

coupling between the magnetic ion and the conduction electrons due to the 

Coulomb exchange, where the conduction electrons in the neighbourhood of the 

magnetic ion are polarized depending on the distance between interacting atoms [20]. 

As a result, this coupling may be ferromagnetic or anti-ferromagnetic depending on 

whether the magnetic moments are parallel or antiparallel, respectively.  

The mean field Zener model accounts for the anisotropy of the carrier mediated 

exchange interaction linked with spin-orbit coupling in the semiconductor material. 

Moreover, to explain ferromagnetism in TM doped ZnO, Sato and Katayama-
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Yoshida [34] proposed the double exchange mechanism, where the magnetic ion in 

different charge states couple by virtual hopping of extra electrons between ions 

through interaction with the p-orbitals.  

In addition, ferromagnetic ordering in DMS materials has been explained by the 

formation of the bound magnetic polaron [139] (BMP). The BMPs result from the 

alignment of spins in many TM ions together with weakly bound carriers within a 

polaron radius [80]. The localised charge carriers (i.e. holes) in the polaron act on the 

impurity atoms in their vicinity producing an effective magnetic field which aligns 

all spins. Ferromagnetic ordering is evident when neighbouring magnetic polarons 

overlap and interact through magnetic dopants forming clusters of polarons 

comparable to the sample size.  

Moreover, other studies suggested vacancy related magnetism [140,141,142]. However, 

the condition for, and the origin of, magnetism is not well understood. Coey                

et al. [143], suggested that the role of introducing transition-impurity atoms is to 

enable the local charge transfer required to bring the Fermi level up to a maximum 

in the density of states, and stimulate exchange splitting of the density of states. 

Thus, two different states of the cation should exist. In this scenario, the TM dopant 

atom acts as a charge reservoir from which electrons are transferred to local defect 

states. The authors proposed that different states exist at or near the particle surface, 

and that it is the capability of the TM impurity cations to exhibit mixed valence 

states as opposed to their possession of a localised moment that is central to 

magnetic effects. Furthermore, the free carrier behaviour is affected by the presence 

of magnetic ions through the sp-d exchange interaction between the spins of the 

itinerant carriers and the localised magnetic moments [20]. More importantly, for 

practical application in spintronics, the DMS material should show ferromagnetism 

with a Tc > RT. In addition, for some device applications, it is necessary that the 

magnetism be carrier mediated ferromagnetism, so that the magnetic properties of 

the DMS material can be controlled externally.  

1.3.6. Overview of literature review 

In this chapter, several aspects pertaining to the behaviour and properties of III-

nitrides (AlN, GaN and InN) and ZnO semiconductors after doping by ion 
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implantation with different transition metals (with more emphasis on Fe) have been 

discussed. The discussion is based on theoretical and experimental reports 

published in the literature by different research groups. GaN, ZnO, and AlN have 

been studied extensively mainly due to the ease with which crystal growth has 

developed over the years, while there are few reports on ion-solid interaction on 

InN. Debates, controversies, and contradiction of results are summarised below: 

 Firstly, there exist inconsistent reports of displacement energy values in ZnO 

and III-Nitrides predicted by theoretical models and extracted from 

experimental observations. 

 Several authors agree that AlN and GaN are radiation hard materials and 

resistant to amorphisation where fluences in the order of 1016-17 ion/cm2 are 

required to destroy the crystal structure. On the other hand, reports show that 

InN which is relatively sensitive to radiation damage is amorphised with 

fluences of ~1012 ion/cm2. Implantation induced damage has been observed in 

the form of defects and dislocation loops at high fluences (1016-17 ion/cm2) in 

GaN. In addition metallic cluster formation has also been observed after high 

temperature (~1000 K) annealing using different structural characterisation 

techniques such as XRD, SADP, TEM, and XPS. In ZnO, implantation induced 

damage was also evident at similar high implantation fluences.  

 As highlighted earlier, the lattice site location and the chemical nature of 

dopants are very important in determining the properties of newly fabricated 

materials. For GaN and AlN, approximately 80-90% of the TM atoms are 

substititutionally incorporated on the III sublattice, while heavier elements such 

as 111In and 89Sr and rare earth elements are slightly displaced about this site. 

This has been confirmed by different hyperfine interaction techniques such as 

emission channelling, perturbed angular correlation, Mössbauer spectroscopy 

as well as ion beam analysis methods such as PIXE and RBS/C. Isolated Fe3+ 

ions surrounded by three and four nearest N atoms have been observed in 

CEMS measurements in AlN and GaN while coexistence of the 3+ and 2+ 

charge states in GaN have been proposed from a combination of EPR, PL and 

SQUID measurements. The Fe3+ state was responsible for Curie 

paramagnetism while van Vleck paramagnetic was attributed to the presence 
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of Fe2+.  As in the case of GaN, both charge states of Fe have also been observed 

in ZnO with the majority of probe atoms located on substitutional Zn sites 

(~95%) in EC studies for extremely dilute systems (~1012 ions/cm2). For higher 

fluences (~1016 ions/cm2), PIXE studies reveal that ~73% of Fe are 

substitutionally incorporated after high temperature (1323 K) annealing.  

 At these high fluences the formation of nanoparticles of transition metal 

elements, different zinc complexes and/or secondary phases have been reported 

by various authors/research groups. These complexes/phases accounted for the 

observed hysteresis loops determined from magnetometry measurements, 

however, conflicting reports of room temperature ferromagnetism in doped 

semiconductors have been published. 

1.4. A summary of emission Mössbauer studies in oxides 

Experimentally, a number of controversial results have been reported for ZnO and 

GaN based on different types of magnetism and mixed understanding of their 

origin. Currently, a clear consensus has not been reached [24,25,26]. Some authors 

have suggested unintentional precipitation of 3d-metal impurities and secondary 

phases to be the source of magnetism [144,145], while other groups suggest defect 

mediated magnetism [146,147,148,149]. 

Recently, emission Mössbauer spectroscopy studies following low fluence       

(~1012 cm-2) 57Mn* implantation in metal oxides [150,151,152,153] (ZnO, -Al2O3 and 

MgO), have shown the presence of slow relaxing paramagnetic Fe3+, as opposed to 

ordered ferromagnetism. In ZnO [153], the relaxation rate (τ -1) was observed to have 

a T 9  temperature dependence while, in MgO and -Al2O3
 [151,152], the relaxation 

rate was characteristic of a two-phonon Raman process with τ-1  T 2 . 

A. ZnO 

Temperature dependent Mössbauer measurements of Fe in ZnO following Mn* 

implantation in the absence of an external magnetic field showed magnetic ordering 

in the local surrounding of substitutional Fe3+ at temperatures below 600 K [154]. 

This behaviour was associated with the formation of complexes with Zn vacancies 

created during the implantation process. These magnetic complexes were stable 

around 600 K, even though the nature of the magnetism could not be established, 
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ferromagnetism was favoured. Furthermore, temperature and dose dependence 

investigations [154] suggested that the formation of impurity-vacancy complexes is 

related to the implanted dose and the rate of formation as temperature increases. On 

the other hand, in our recent experiments [151], the Mössbauer spectra of 57Mn*/Fe 

implanted ZnO single crystal in an external field was dominated by sextets whose 

angular dependence ruled out ordered magnetic effects, such as ferromagnetism 

which was previously suggested. The observed magnetic structure is attributed to 

substitutional paramagnetic Fe3+ ions with long spin lattice relaxation times              

(> 20 ns). This effect may be associated with the weak coupling of the Fe3+ to the 

lattice [151]. Paramagnetism was favoured because the relative intensities of the six 

lines do not follow the angular dependence behaviour expected in ordered 

magnetism i.e., 3:0:1:1:0:3 for the sextet lines in the θ = 0° measurement. In 

addition, the results obtained from offline eMS measurements following 57Co/Fe 

implantation [155] in ZnO with relatively high fluence Fe (>1014 ions/cm2) are 

consistent with the angular dependence of Fe atoms in crystalline sites (FeC). The 

isomer-shift of the FeC component,  = 0.905(6) mm/s, is practically identical with 

the value of = 0.91(1) mm/s obtained for substitutional Fe2+ from 57Mn* 

implantation into virgin ZnO. 

B. α-Al2O3 

The Mössbauer spectra for -Al2O3
 [152] at 110 K are dominated by Fe2+ in 

amorphous regions owing to implantation damage while some Fe atoms are located 

in cubic environments possibly due to nano-precipitates of η-Al2O3. This 

contribution is negligible at temperatures above 500 K. At T < 500 K, incomplete 

annealing of the implantation damage initially results in the probe atoms in Fe3+ 

state, and above room temperature most likely as Fe4+. The sub-spectrum for Fe3+ 

is masked by slow paramagnetic relaxations typical of a two-phonon Raman 

process [152]. 

C. MgO 

The Mössbauer spectra of MgO [150] implanted with 57Mn* showed similar 

paramagnetic features as observed for ZnO [151]. The temperature dependent spin 

relaxation time of Fe3+ in MgO is found to decrease to ~10 ns at 647 K by assuming 
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a relaxation time of τ > 1 µs at 77 K. These results are in agreement with those 

obtained by electron paramagnetic resonance (EPR) [156], demonstrating the ability 

to extract spin-lattice relaxation rates for dilute Fe3+ from emission Mössbauer 

spectroscopy using 57Mn*/Fe-implanted in semiconducting materials. Spin 

relaxations can occur either due to spin-lattice interactions or spin-spin interactions. 

The low concentration of implanted Mn/Fe atoms are utilised in our experiments 

(>100 atomic lattice constants between Mn/Fe atoms), consequently spin-spin 

relaxations are negligible. The observed long spin-lattice relaxation times (or fast 

relaxation rates) results from weak interaction between the lattice and Fe3+ caused 

by its spherical 6S ground state [157]. 

1.5. Paramagnetic relaxation 

The electronic spin relaxation of a probe ion incorporated in a lattice proceeds via 

two processes viz. (i) the spin-lattice relaxation mechanism and (ii) dipolar spin-

spin interaction between a pair of paramagnetic ions. 

1.5.1. Spin-lattice relaxation 

The underlying theory of spin-lattice relaxation and associated processes have been 

described in detail in texts [158,159] and review articles [160,161,162]. Spin-lattice 

relaxation between a paramagnetic ion and a crystal lattice occurs when energy 

transfer takes place between the electronic spin of the ion and phonons of the lattice 

vibrations which are responsible for a fluctuating crystalline electric field generated 

by neighbouring ligands at a central paramagnetic ion.  

Three basic processes contribute to spin-lattice relaxations. These are schematically 

illustrated in Figure 1.3 and described briefly below. 

 

Figure 1.3: Processes that contribute to spin-lattice relaxations: (a) Direct process, (b) Orbach 

process and (c) Raman Process
 [163]

. 
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a) A direct process is the simplest spin-lattice relaxation process, where a spin 

transition is associated with the creation or total destruction of a single phonon. 

As a result the electron spin transition energy is exchanged by the phonon 

energy, and a linear temperature dependence of the relaxation rate is observed.  

b) An Orbach process involves the creation and annihilation of two phonons via 

population of an excited state, |c>, where the energy difference between the 

events equals the splitting of participating states, |a> and |b> [164].  

c) A Raman process is also a two phonon process similar to the Orbach process, 

but with excitation to a virtual level by the first phonon and de-excitation to the 

spin ground state by the second phonon [165]. Direct and Orbach processes are 

relevant at low temperature while at higher temperatures the two-phonon 

Raman process begins to dominate. In the case of a Kramer ion, such as Fe3+, 

the relaxation rate, (τ-1) resulting from a Raman process can be described by the 

equation [158,166], 
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where, K is a constant determined by the interaction between the lattice 

vibrations and the magnetic ions (Fe3+), ω is the phonon frequency, ωm is the 

maximum phonon frequency corresponding to the Debye temperature, ħ is the 

reduced Planck’s constant,  kB is the Boltzmann constant and T is the 

temperature. 

At T << θD, the upper limit can be considered as infinity resulting in a constant 

value for the integral and a temperature dependence given by τ-1  T 9 . However, 

at T ≥ θD, the integral show temperature dependence as opposed to the low 

temperature scenario. Consequently, the equation 1.2 can be rewritten as  
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and C is a constant. Thus, when θD/T approaches infinity, the integral approaches 

8! and f(θD/T) approaches 1 resulting in a T 9  temperature dependence. On the other 

hand, when θD/T approaches 0, the integrand approximates to x6 (x << 0) and the 

spin-lattice relaxation rate is expected to follow at T 2  dependence. The spin-lattice 

relaxation rate for Kramer systems can take either a T 2  or T 9  dependence depending 

on the temperature region. The lack of high frequency phonons in the Raman 

process at high temperatures causes a T 2  dependence because the distribution of 

phonon frequency has an upper limit corresponding to the Debye temperature [166].  

1.5.2. Spin-spin relaxation 

Spin-spin relaxation involves energy transfer between neighbouring spins through 

magnetic dipole and/or exchange interactions. The exchange interaction can be 

expressed in terms of the Hamiltonian for an arrangement of atoms on the lattice as 

spin j j+m
j,m

H =-J S S  ,                                         (1.4) 

where the subscripts, j, j+m represent the position of the two spins and J is the 

exchange integral responsible for the spin-spin interaction [167]. 

This spin-spin interaction is influenced by the distance between the ions and hence 

depends on the concentration of paramagnetic ions in the sample. For very low 

concentration of Fe ions (<10-4 at.%) the spin-spin relaxation is negligible since the 

ions are widely spaced. This spin flip mechanism is largely temperature 

independent. 

1.6. Aims and Objectives 

The broad aim of the project is to investigate magnetic phenomenon in Fe and/or 

Co implanted ZnO and III-nitride semiconductors from experimental investigations 

as a function of implantation fluence, γ-emission angles (θγ), measuring 

temperature (Tm), annealing temperature (TA) and external magnetic field (H0). As 

highlighted in the introduction, Mössbauer spectroscopy was employed in two 

approaches namely: (i) emission Mössbauer spectroscopy (eMS) at 

ISOLDE/CERN and (ii) conversion electron Mössbauer spectroscopy (CEMS) at 

iThemba LABS, Cape Town. In addition, to CEMS, vibrating sample 
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magnetometer (VSM) measurements were performed to investigate the magnetic 

properties of ZnO samples.  

The specific objectives of this research project are to: 

a) Ascertain the nature and origin of magnetism in extremely dilute III-nitride 

system (~10-4 at. %) and compare with previous studies within the fluence range 

predicted by Dietl [19] of ~5 at.% and also between nitrides and oxides in two 

fluence regions. Several studies both using 57Fe with concentration in the order 

of that assumed in Dietl’s calculation have been reported in GaN [96,110,111,168] 

and in ZnO [116,118,169,117,130], and in extremely dilute systems mainly in oxides 

(ZnO, MgO, and α-Al2O3)
 [150,151,152,153].  

b) Determine the lattice site location and charge state of dopants. The resulting 

properties of doped semiconducting materials are determined not only by the 

chemical nature of the incorporated dopants but also their lattice location and 

bonding mechanism in the semiconductor crystal structure. Furthermore, this 

study will evaluate potential correlation between the charge states and the 

observed magnetic properties in light of charge-transfer based dilute 

ferromagnetic ordering suggested by Coey and co-workers [170,171].  

c) Investigate the effects of fluence and relative population of dopants in different 

lattice sites with respect to the possible magnetic properties. 

d) Monitor the annealing behaviour of radiation induced damage and formation of 

nanoclusters/precipitates with respect to implantation fluence and temperature.  

e) Establish if vacancies/interstitials/complexes created during the implantation 

process play a role in the expected/predicted magnetism.  

f) Compare the annealing behaviour and lattice location of Fe atoms in wurtzite 

III-Ns under study with cubic III-Vs from previous studies [172,173] and relate the 

resulting trends to different crystal structures and physical properties. 

These studies were conducted utilising online eMS measurements at ISOLDE, 

CERN within experiment IS501 with the Mössbauer Collaboration using short-

lived radioactive 57Mn* (t1/2 = 1.5 min) with extremely low fluences of              

~3×1012 ions/cm2 (~10-4 at.%) implanted in III-nitrides and 56Fe pre-implanted ZnO. 

Temperature and angle dependent eMS were carried out in the temperature range 
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of 100-800 K, and γ-emission angles (θγ) of 60o and 0o relative to the c-axis of the 

specimen, respectively. Pre-implantation and/or preparation of samples with stable 

isotopes (57Fe, 56Fe, and 59Co) were conducted by Dr S. Geburt at the Institute of 

Solid State Physics, University of Jena, Germany, while CEMS and VSM 

measurements on as-implanted and annealed samples were carried out at the 

iThemba LABS, Cape Town, under the guidance of Professor K. Bharuth-Ram and 

Professor T.B. Doyle, respectively. 
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Chapter 2  

Mössbauer Effect and Hyperfine Parameters  

The phenomenon of recoil-free emission and resonant absorption of gamma (γ) rays 

in nuclei without the loss of energy due to recoil and thermal broadening is known 

as the Mössbauer effect [174,175]. This effect provides a means of probing the local 

environments of particular atoms in amorphous or crystalline solids. 

Comprehensive information on the electronic, magnetic and geometric structure of 

an impurity atom environment can be extracted from the parameters that 

characterise the Mössbauer spectrum resulting from hyperfine interactions namely 

the electric monopole, electric quadrupole and magnetic dipole interactions [176].  

2.1. The Mössbauer effect 

A free excited nucleus of mass m (with Z protons and N neutrons) recoils to 

conserve momentum as it decays to the ground state by emitting a γ-ray of energy, 

Eγ. As a result, the energy carried by the γ-ray is equal to the transition energy, Eo, 

minus the recoil energy, Er which prohibits subsequent resonant absorption of the   

γ-ray by another nucleus of the same kind (Z protons and N neutrons) as illustrated 

in Figure 2.1. 

 

Figure 2.1: Non-resonant γ-ray absorption due to loss in energy to recoil [177]. 

On the other hand, if the nucleus is bound in a solid matrix with a relatively very 

large mass M (>> m), such that the loss in energy due to recoil becomes 

infinitesimally small, as a result recoil free emission of the γ-ray is possible. This is 

the core principle of the Mössbauer effect. Thus, the energy of the γ-ray equals the 
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transition energy between the ground state and the excited state then resonant 

emission and absorption by another nucleus of the same kind (also bound in a 

crystal lattice) is a possibility (see Figure 2.2). This discovery earned Rudolf 

Mössbauer the Nobel Prize in Physics [178] in 1961. De-excitation of the nucleus 

back to the ground state can proceed either by emission of fluorescent photons or 

by emission of conversion electrons. The use of conversion electrons in Mössbauer 

spectroscopy is discussed in section 3.5. 

 

Figure 2.2: Resonant emission and absorption of γ-photon between nuclei, and resonance 

fluorescence and conversion electrons.  

2.2. Recoil free fraction 

When the nucleus of γ-ray emitting (or absorbing) atoms is bound in the lattice, the 

recoil energy is transferred to lattice vibrations in the vicinity of the probe atoms 

and then dissipated as heat [179]. There are 3N (N is the number of atoms) vibration 

modes in an Einstein model each having the same frequency ωE, such that the 

transfer of integral multiples of quantised phonon energy of 0, ±ћωE, ±2ћωE,… to 

the lattice accompanies the emission and absorption of a γ-ray [180]. As a result, for 

Er << ћωE, there exist a probability, of zero-phonon transitions, that is, transitions 

which take place without excitation of lattice vibrations known as the recoil-free 

fraction ( f ) [178], given by  

2 2expf k x  
  ,                                       (2.1) 

where 2x   is the mean square vibrational amplitude of the nucleus along the 

direction of the emitted γ-ray wave vector (k). 
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On the contrary, the Debye model is not limited to the notion of single vibration 

frequency of lattice atoms, but encompasses a continuum of oscillator frequencies. 

As a result, the recoil-free fraction also known as the Debye-Waller factor or 

Mössbauer-Lamb factor is parameterised using the Debye approximations and 

leads to an expression for f, given by the equation; 

D

2 T

γ

0B D D

3
exp 1 4

2 1x

E T x
f dx

k θ θ e -

               

 ,                  (2.2) 

where kB is the Boltzmann constant and θD is the characteristic Debye temperature 

given by the expression; 

D

D

B

hω
θ =

k
.                                                  (2.3) 

For T << θD, equation (2.2) reduces to:  

                                                 
2 2

r

B D D

3
exp

2

E π T
f

k θ θ

  
    

    

,                               (2.4)

        

 

and at absolute zero  

                                                               r

B D

3
exp

2

E
f=

k θ

 
 
 
 

.                                     (2.5) 

In the high temperature limit, for T > θD, f approximates to: 

                                                             r

B D

6
exp

E T
f=

k θ

 
 
 
 

.                                      (2.6) 

The Debye temperature is a measure of the bond strength between the Mössbauer 

probe atoms and the nearest neighbouring atoms in the crystal lattice [179]. 

2.3. Spectral line shape and natural linewidth 

The experimental observation of resonance in Mössbauer spectroscopy for a 

particular nuclide is determined by the mean lifetime (τN) of the excited state and 

the transition energy (E0). The energy distribution about E0 is given by the Breit-

Wigner formula [179],  
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                                    (2.7) 

which gives a Lorentzian distribution as shown in Figure 2.3. 

 

Figure 2.3: Intensity distribution for γ-ray emission as a function of transition energy E0
 [179]

 where 

e and g are excited and ground states, respectively. 

According to Heisenberg Uncertainty Principle, a nuclear level with a mean lifetime 

(τN) has an energy uncertainty (Г) given by 

                                                                 
N


  ,                                                    (2.8) 

where Г is the natural line width which represents the full width at half maximum 

(FWHM) of the Lorentzian line shape.  

2.4. Mössbauer isotope: 57Fe 

The first recoil free resonant emission and absorption was observed in the 129 keV 

γ-photon transition of 191Ir in 1957 [178]. Since then, several elements in the periodic 

table have been used as Mössbauer isotopes, among which 57Fe is the most 

exploited isotope. First reports of the Mössbauer effect in 57Fe were published in 

1959 by independent groups of Schiffer and Marshall [181] and Pound and Rebka 

[182]. In this study, the 57Fe Mössbauer isotope was utilised. Its first excited state has 

an energy of 14.4 keV and a mean lifetime of 141 ns, resulting in a natural linewidth 

of ~ 4.67×10-9 eV and an energy resolution, Eγ / Г ~ 3.1 ×1012. Thus, variations in 
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the nuclear levels as small as 1 part in 1012 can be detected [183], implying that 

Mössbauer spectroscopy has undeniably the best energy resolution as compared to 

other spectroscopic techniques.  

In the present study, radioactive 57Mn* and a standard 57Co* source were employed 

as precursor isotopes for 57Fe; their respective decay schemes are shown in        

Figure 2.4. 

 

Figure 2.4: Decay schemes for 57Mn*, 57Co* and 57Fe 

57Mn* beta decays directly to the 14.4 keV state of 57Fe with 80% probability 

imparting a mean recoil energy of 40 eV to the Fe atoms, while 57Co* decays by 

electron capture (EC) yielding the 136 keV excited state of 57Fe. The 136 keV state 

undergoes a transition with a half-life of 8.7 ns, to the ground state either by direct 

emission of 136 keV γ-rays (15%) or by first emission of a 122 keV photon to the 

14.4 keV Mössbauer excited state.  

2.5. Mössbauer spectrum 

A Mössbauer spectrum is recorded by detecting the resonant absorption of the           

γ-radiation emitted in the transition to the ground state of the radioactive probe 

nucleus in the source by a stable nucleus of the isotope in a suitable absorber 

material [184]. The resonance absorption is detected by an increase or decrease in the 

counts at the resonant velocities in backscattering geometry or transmission 

geometry, respectively. A γ-ray with variable energy is required to observe 
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resonance between the source and the absorber. This is achieved by vibrating the 

absorber (detector) relative to a stationary source (sample) thus modulating the         

γ-ray energy by the Doppler effect in emission Mössbauer spectroscopy. The level 

of resonant absorption at each velocity is determined by how much of the shifted 

absorption energy profile overlaps with the relatively stationary emission energy 

profile spectrum as shown in Figure 2.5 (a). The greater the overlap, the higher the 

intensity of the resonant absorption line as illustrated in Figure 2.5 (b) which shows 

the progress in the development of an emission Mössbauer spectrum as the absorber 

(detector) is moving from negative to positive velocities relative to a stationary 

source (sample).   

 

Figure 2.5: Progress in the development of an emission Mössbauer spectrum [177]. 

The velocities for resonant absorption and the overall shape of the spectrum are 

determined by the combined effect of the hyperfine interactions which depend on 

the environments of the Mössbauer atoms. Hyperfine interactions are interactions 

between the nucleus and its surrounding electrons which cause nuclear energy 

levels changes of the order of 10-7-10-8 eV [185]. Mössbauer effect connects the 

nucleus with its nearest neighbours through hyperfine interactions. 

2.6. Hyperfine interaction parameters 

The hyperfine interactions give a direct measure of these very small perturbations 

of the nuclear energy levels. These energy fluctuations are sensitive to changes in 
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the structure, whether crystalline or amorphous, lattice periodicity and probe 

nucleus-complexes. In addition, variations in the oxidation state of the probe 

nucleus in a compound, coordination, magnetic ordering, and the effects of ligands, 

as well as the diffusion and relaxation effects of ions in a solid can be explored 

using Mössbauer spectroscopy [179,185] through the information obtained from 

hyperfine parameters of fitted spectral components. 

2.6.1. Isomer Shift: Electric Monopole Interaction  

The isomer shift is due to electrostatic interaction between the charge distribution 

of the nucleus and s-electrons which cause shifts in the nuclear energy levels of the 

absorber and the source nuclei [186]. As a result, the nuclear ground state and excited 

state levels are affected in different extents as illustrated in Figure 2.6 (a) depending 

on their respective bonding mechanism with neighbouring atoms.  

 

Figure 2.6: The nuclear energy levels shifts in the source and absorber due to the electric monopole 

interaction (a) resulting in the Mössbauer isomer shift [177] shown in (b). 

The transition energies in the source and absorber nuclei are given by the     

equations [179]; 

                                       
2 2 22

AA e g

2
e 0

3
E Z r r( )    

  
,                                 (2.9) 

and  

                                       
2 2 22

SS e g

2
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3
E Z r r( )    

  
,                               (2.10) 

where 〈𝑟2〉 the expectation is value for the square of the nucleus radius and 

|𝜓(0)|2 is the corresponding probability density.  
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When the nuclei are in different local environments, the electron densities at the 

nuclei in the source and the absorber will be different. Consequently, the Mössbauer 

transition energy will vary slightly between the two nuclei, such that to observe 

resonant absorption, a γ-ray with variable energy within the limits of the shift of the 

nuclear energy levels is required. Experimentally, this is achieved by vibrating the 

source or detector along the direction of propagation of the γ-ray for absorption or 

emission experiments, respectively. Thus, a shift in the position of the absorption 

or emission peak from zero velocity is evident on the spectrum (Figure 2.6 (b)) and 

this shift is known as the isomer shift (δ). On the other hand, when the nuclei are in 

the same local neighbourhoods in both the source and absorber, their transition 

energies are equal and hence Mössbauer resonance absorption will occur at zero 

velocity.  

In terms of spectra, the isomer shift resembles the velocity at which maximum 

resonant absorption occurs, while the difference in the relative energy levels 

between the source and the absorber, ∆E, is equal to the shift caused by the Doppler 

effect at this particular velocity. Thus, the isomer shift, can be written as  

                                                          
IS A S

δ =E  E ,                                               (2.11) 

which is given by the expression [179], 

                                                     2 2

IS a s e g

2

5
Ze R R      ,

 
                       (2.12) 

where Z is the atomic number, e is the electronic charge. Re and Rg are the radii of 

the excited and ground state nuclei, respectively. The isomer shift is hence 

proportional to the difference in the electron densities at the probe nuclei in the 

source (ρs) and absorber (ρa). It is solely dependent on the s-electron density which 

is affected by the presence of overlapping p, d, and f orbitals because the spatial 

distribution of the s-electrons is shielded or screened from the nucleus by p, d, and 

f electrons through inter-electronic repulsion. A gradual increase in the number of 

3d electrons causes a reduction in the s-electron density, resulting in the isomer shift 

of Fe2+ (3d 6 ) shifting more towards positive velocity than Fe3+ (3d5 ) [186]. The 

isomer shift is therefore sensitive to the charge density distribution caused by the 

environments around the nucleus, that is, any factor that affects the number and/or 
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distribution of valence electrons [186]. This gives information on the oxidation state, 

coordination number, electronegativity of ligands, bond character and spin state of 

the iron atoms. Figure 2.7 presents a summary of isomer shift values observed in 

57Fe compounds for different charge and spin states for Fe [179].  

 

Figure 2.7:  Isomer shift values observed for 57Fe compounds measured relative to α-Fe at room 

temperature.[Adapted from Gütlich [179]] 

2.6.2. Quadrupole Splitting: Electric Quadrupole Interaction  

The quadrupole splitting originates from the electric quadrupole interactions and 

relates to rotational structural arrangements that a non-spherical nucleus 

experiences in a non-homogenous electric field generated by a non-cubic charge 

distribution of the surrounding electrons. A nucleus with, I > 1/2 has a non-spherical 

charge distribution and this creates a nuclear quadrupole moment which is a (3 × 3) 

second-rank tensor and may be expressed as  

                                                      
2 21

3 dQ z
e

( )( )  r r r ,                               (2.13) 

in the principal axis system [187]. The nuclear quadrupole moment is a measure of 

deviations of the nuclear charge distribution from spherical symmetry. The 

quadrupole moment interacts with the electric field gradient (EFG) around the 

nucleus, which is generated whenever the nuclear environment has a charge 
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distribution lower than cubic symmetry. The EFG is defined as the second spatial 

derivative of the electric potential V (r) at r = 0 (acting at the nucleus), such that 

                                             
2

ij

i j

V
V

x x



 

 (where i, j = x ,y, z),                            (2.14) 

are nine components of a 3 × 3 second rank EFG tensor and it contains information 

on the symmetry and orientation of the charge distribution with respect to the crystal 

lattice [179]. Thus, to investigate the electric quadrupole interaction, the electric 

quadrupole Hamiltonian may be written in the form [187], 

                                        2 2 2zz ˆ ˆ ˆ ˆ3
4 (2 1)

Q z x y

eQV
H I I I I

I I
    

 
,                      (2.15) 

where e is the electron charge, Q is the nuclear quadrupole moment, Vzz is the 

principal axis component of the EFG interacting with the quadrupole and η is an 

asymmetry parameter of the electric field given by, 

                                                            
XX YY

ZZ

V V
η = 

V


,

 

                                        (2.16) 

and must satisfy the condition, 0 ≤ η ≤ 1. The asymmetry parameter is a measure of 

the deviation of the EFG from axial symmetry; in the presence of axial symmetry 

at a specific lattice site, η = 0 [187]. The EFG is essentially a measure of the 

inhomogeneity of the electric field. The electric charges distributed around a 

Mössbauer nucleus can contribute to the EFG only when their symmetry is non-

cubic. This situation also exists in the presence of defects in the vicinity of the 

Mössbauer atom.  

The interaction between the nuclear quadrupole moment and the EFG splits the 

nuclear energy levels into sub-states with spin I,  (I - 1), (I - 2),.., -(I - 2),-(I - 1), - I 

without removing the degeneracy between the states having the same spin quantum 

number I [188,189]. The degree of splitting of these lines is a measure of the energy 

difference between the sub-states and depends on the orientation and magnitude of 

the EFG, and the nuclear quadrupole moment. The quadrupole moment for a given 

nucleus is known, but the EFG may arise from charges on the neighbouring ion or 

ligands surrounding the Mössbauer atom and charges in partially filled orbitals of 
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the Mössbauer atom [185]. If lattice sites have a point group symmetry less than cubic 

then the line splitting will occur if the nuclear states have finite quadrupole 

moments. The energy difference between the two sublevels equals the separation 

between the two resonance lines (a doublet) on the Mössbauer spectrum and is 

known as the quadrupole splitting given by the expression, 

                                                       

1 2
2

zz

Q
1

2 3

eQV
E




 
   

 
.

 

                             (2.17) 

The quadrupole splitting can either be positive or negative depending on the sign 

of Q and Vzz. In the case of 57Fe, Q > 0 and the sign of the quadrupole splitting is 

solely dependent by the sign of Vzz. The determination of the sign of the quadrupole 

splitting is possible in a single crystal where the orientation of the crystal symmetry 

axis is the same over the whole crystal volume, but not in powder and 

polycrystalline samples because the crystal axes are randomly oriented. 

Consequently, in the latter two cases the lines of the symmetric quadrupole doublet 

obtained cannot be assigned to either of the π(±1/2→±3/2) and σ(±1/2→±1/2) 

transitions [179,185]. An external magnetic field is required to further split the lines in 

polycrystalline and powder samples [190]. 

In 57Fe, the ground state has a spin I = 1/2 while the 14.4 keV excited state, a spin, 

I = 3/2. The quadrupole moment is zero for spin 1/2 and the presence of an EFG 

does not affect the ground state but splits the excited state into mI = ±3/2 and              

mI = ±1/2 sublevels. Thus two transitions from the ground state are possible, 

resulting in two lines in the Mössbauer spectrum as depicted in Figure 2.8. 

 

Figure 2.8: Splitting of the energy level in the 57Fe state with I=3/2 resulting in quadrupole splitting 

of the resulting Mössbauer spectrum. 
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Thus, the lattice symmetry reflecting the effect of coordinating atoms, and the 

clustering of the atoms can be studied by measuring the quadrupole splitting. There 

are two fundamental sources that contribute to the electric field gradient which are 

given by, 

                                                              
zz zz zztotal Lat Val

V V V  ,                       (2.18) 

in the principal axis system with η = 0 [179,185]. The lattice (ligand) contribution 

(Vzz)Lat results from the charges on the neighbouring ions or ligands surrounding the 

Mössbauer atom. The second source is known as the valence electron contribution 

(Vzz)Val which arise as a result of the changes in the partially filled valence orbitals 

of the Mössbauer atom. The valence contribution results from (Vzz)CF  due to the 

aspherical population of the d-orbitals caused by the crystal field and (Vzz)MO due 

anisotropic molecular bonding [185].  

2.6.3. Magnetic Splitting: Magnetic Dipole Interaction 

A nucleus may be associated with a characteristic angular momentum (I), which is 

accompanied by a magnetic dipole moment. A magnetic dipole interaction is 

evident when the nuclear states involves a magnetic dipole moment, and in the 

presence of a magnetic field (B) at the nucleus, either produced by the surrounding 

electrons or ions present or applied externally. This interaction leads to a precession 

of the magnetic moment about the field direction, which results in the splitting of 

energy levels into 2I+1 sub-states characterised by the magnetic spin quantum 

number, mI. The splitting of the nuclear energy levels, equivalent in principle to the 

Zeeman effect in atoms in optical spectroscopy is known as magnetic splitting or 

the nuclear Zeeman effect.  

A nuclear state with I > 0 possesses a magnetic dipole moment, and for 57Fe, there 

exists magnetic dipole moments for both the ground state and the first excited state. 

This effect leads to a complete removal of the degeneracy of the nuclear levels, and 

the ground state with I = 1/2 splits into two sub-states and the excited state with        

I = 3/2 into four sub-states as depicted in Figure 2.9. The selection rules for the 

magnetic dipole transition (∆mI = 0, ±1) allow for γ transitions between the 

sublevels six possible transitions resulting in six absorption lines (sextet) in the 
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Mössbauer spectrum. The energies of the sublevels are given by first order 

perturbation theory, 

                                                     
M I N N I

E (m )= g μ m B ,                                   (2.19) 

where gN is the nuclear Landé factor and μN is the nuclear Bohr magneton. 

 

Figure 2.9: Magnetic dipole interaction resulting in the nuclear Zeeman splitting of the energy 

levels and the Mössbauer spectrum showing a sextet [177]. 

The magnetic hyperfine splitting allows for the determination of the magnitude and 

direction of the effective magnetic field (Beff) acting at the nucleus. The effective 

magnetic field is given by the sum of the local magnetic field Bloc at the Mössbauer 

nucleus by the lattice and the hyperfine magnetic field Bhf of the Mössbauer atom’s 

own electrons: 

eff loc hf
 B B B .                                      (2.20) 

The local magnetic field may result from the material’s own magnetic ordering, 

and/or by an externally applied field or both. Bloc may have the following 

contributions [185]: 

                                                    
loc ext m

4

3M


  B B D M ,                                 (2.21) 

where Bext is an external field, Mm is the magnetisation, DM represents the 

demagnetisation field, and the 4π/3(Mm) represents the Lorentz field.  

Many materials can also create their own magnetic hyperfine field (Bhf) which has 

three contributions [179,185];  

                                                             
hf F L D
  B B B B .                                  (2.22)  
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BF is Fermi contact field which arises from the s-electron spin density and BL is 

called the orbital field due to the orbital motion of unpaired electrons around the 

nucleus. Finally, the third term BD is the dipole field at the nucleus stemming from 

the total spin magnetic moment of the valence electrons.  

2.6.4. Combined magnetic and quadrupole interactions 

Often both the magnetic and the quadrupole splitting are present and the combined 

effect yields an asymmetric sextet. In order to obtain the eigenvalues and 

eigenvectors of the combined nuclear Hamiltonian, and in turn the transition 

energies and relative line intensities, transformation from one axial frame to another 

is necessary since the quantisation z-axes of the magnetic dipole and electric 

quadrupole do not always coincide [187]. However, the quadrupole interaction is 

usually much smaller than the magnetic hyperfine interaction and may be treated as 

a perturbation on the magnetic effect. Thus, in the case of η = 0, the eigenvalues are 

given by  

                          
1
2 2zz

, n N I ( 1) (3cos 1)
8

Im

Q m

eQV
E g Bm 


     ,                 (2.23) 

where β is the angle between the principal axis of the EFG tensor and the hyperfine 

field, while the last term gives the quadrupole shift (ϵQ)
 [179]. As a result the shape 

of the Mössbauer spectrum depends not only on the relative strengths of the two 

interactions but also the relative orientation of the EFG principal axis, the magnetic 

field and the incident γ-ray [179,185,187]. 

2.6.5. Angular dependence of hyperfine parameters 

2.6.5.1. Quadrupole splitting 

For η = 0, the angular dependence of the quadrupole split doublet is governed by 

the ratio of the intensities between the π(±1/2→±3/2) and σ(±1/2→±1/2) transitions given 

by 

2

2

3(1 cos )
( )

5 3cos

I
f

I










 


,                                  (2.24) 

where θ is the angle between the γ-ray direction and the Vzz direction with values of 

0.6 and 3.0, for θ = 90o and θ = 0o, respectively. However, at θ = 54.7o, known as 

the magic angle, f (θ) = 1; the two peaks have equal intensities. The sign for the 
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quadrupole splitting is governed by the sign of the principal component (Vzz) of the 

EFG, which is either positive or negative depending on whether the mI = ±3/2 

energy level is higher or lower than the mI = ±1/2 energy level. The sign of the EFG 

and geometry of the experimental set-up determines which leg of the asymmetric 

doublet is more intense. If ΔEQ > 0, the left leg is more intense at small angles in 

emission geometry, while the right leg is more intense at small angles in 

transmission geometry. The reverse is true when ΔEQ < 0. 

2.6.5.2. Magnetic splitting 

The intensities of the six lines are different but their linewidths are in principle 

equal. The intensity ratio of each line is found as the matrix element represented by 

the Clebsch-Gordon coefficients multiplied by the appropriate angle (θ) between 

the direction of the γ-radiation and that of the magnetic hyperfine field [184,187]. The 

observed relative line intensities are in the form 3:R:1:1:R:3 for the energy 

transition, I = 1/2 →3/2 in 57Fe where,  

                                                             
2

2

4sin

1 cos
R







.                                           (2.25) 

For a thin absorber, the recoil-free fraction f is isotropic, and when the angle 

between B and the γ-ray is θ = 0o, R = 0, and the lines 2 and 5 of the sextet disappears 

completely when θ = 90o, R = 4. However, if the magnetic field vectors at the nuclei 

are randomly oriented such as in a powder, then the intensity ratio is 3:2:1:1:2:3. 

2.6.6. Temperature dependence of hyperfine parameters 

2.6.6.1. Thermal vibrations: Second order Doppler Shift 

The thermal motion of the Mössbauer nuclei in addition to the aforementioned 

electric monopole interactions also contributes to the changes in the nuclear energy 

levels. These temperature dependent thermal vibrations cause a further shift in the 

energy levels called the second-order Doppler shift (δSOD) or temperature shift 

which is related to the mean-square velocity of lattice vibrations in the direction of 

the γ-ray propagation by the expression: 

2 2
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c c
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Thus, an increase <v2> with increasing temperature moves the resonance signal to 

more negative velocities. As a result, the total experimental shift of the entire 

Mössbauer spectrum is known as the center shift (δC), which is given by the sum of 

the isomer shift (δIS) and the second-order Doppler shift (δSOD). The shift of the 

energy levels due to the thermal vibrations can be approximated in a Debye model 

as follows; 
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where the terms carry conventional meanings defined earlier. 

2.6.6.2. Quadrupole Splitting 

The quadrupole splitting decreases with increasing temperature and stems mainly 

from the temperature dependence of the different valence electron levels of the 

Mössbauer atom. This arises from the temperature dependence of the EFG created 

by both the surrounding lattice and valence electrons with the assumption that the 

valence contribution is not negligible [179,191]. The temperature dependence is mainly 

due to thermal expansion of the crystal lattice and the influence of the created 

phonons on the conduction electrons [188,192]. The temperature dependence of the 

EFG expressed in terms of the principal component can be described by the 

empirical equation [193,194], 

                                                   3 2

zz zz( ) (0) 1V T V B T   ,                               (2.28) 

which is most applicable for cubic system, where B is a fitting parameter. However, 

from equation 2.18, the total Vzz is the sum of (Vzz)Lat and (Vzz)Val, where the latter is 

a combination of (Vzz)CF and (Vzz)MO. The (Vzz)Lat and (Vzz)MO are least affected by 

temperature while the (Vzz)CF has strong temperature dependence. In distorted 

environments, the degeneracy of orbitals may be completely removed such that in 

the case of Fe2+, with increasing temperature the sixth electron has a higher 

probability of being promoted to a high-energy state [185]. This increases the 

symmetry of electron population causing a decrease in the quadrupole splitting 

which can be calculated from Ingalls [191] by  

                     
Q Q 0 0 B 0 B

1 1 2E E E k T E k T 
,

exp( / ) / exp( / )      ,        (2.29) 
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where ∆EQ,0 is the quadrupole splitting at 0 K and E0 is the splitting energy between 

the z2 and x2-y2 orbitals. However, in the case of Fe3+, the quadrupole splitting is 

not affected by removing the orbital degeneracy and is temperature           

independent [185].  

2.6.7. Relaxation in Mössbauer Spectroscopy 

The magnetic hyperfine field experienced at the nucleus of a magnetic ion stems 

from the electron spin of the ion via core polarisation [195].  The electron spins in a 

material are coupled to the lattice via spin lattice interactions [196], such that any 

disturbance in the electron spin propagates through the entire lattice because of 

exchange interactions. As a result, changes in the spin of an ion produces 

fluctuations in the field sensed by the nucleus and if the lifetime of these time 

dependent fluctuations (i.e. relaxation time, τr) is comparable to the nuclear Larmor 

precession time (τl), then relaxation effects are observable [179,187]. The Larmor 

precession time gives the minimum time required for the nucleus to sense the 

hyperfine field and is defined as the time taken for a nuclear spin state, I to split 

into (2I+1) sub-states under the influence of the hyperfine field. However, as a 

prerequisite, the lifetime of the Mössbauer event should be much greater than τl 

such that the hyperfine fields are detectable in Mössbauer spectroscopy.  

Thus, the effect of relaxation effects on the Mössbauer spectra is governed by the 

relaxation time with respect to the Larmor precession time:  

a) for very slow relaxation, (τr » τl), the hyperfine field is static during a Larmor 

precession period and the nucleus senses each spin state separately resulting 

in narrow spectral line which has Lorentzian lineshape.  

b) for very fast relaxation, (τr « τl) the nucleus senses a zero time average of the 

electron spin, as a result no magnetic interaction is observed.  

c) when the spin relaxation is neither too long nor too short compared to the 

precession time, (τr ≈ τl), complex spectra with broadened line shapes are 

observed.  

As highlighted earlier in Chapter 1, the electron spin flip processes (relaxation) of 

a probe ions incorporated in a lattice proceeds either through spin-spin or spin-

lattice interaction. 
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Chapter 3  

Materials Modification and Experimental Details 

This chapter describes the sample preparation by ion implantation as the preferred 

method for material modification by incorporating foreign transition metal atoms 

in semiconductor materials with the aim to synthesise dilute magnetic 

semiconductors (DMS). The theory behind ion implantation and its application in 

semiconductor research and technology are detailed in several texts [60,197] , book 

chapters [198,199], review articles [200,201,202,203] and a previous research report [177]. In 

addition, two experimental techniques utilised for investigating magnetic properties 

are presented. The main technique is Mössbauer spectroscopy, employed as: (i) 

emission Mössbauer spectroscopy (eMS) using short-lived radioactive isotopes at 

ISOLDE/CERN and (ii) conversion electron Mössbauer spectroscopy (CEMS), on 

57Fe implanted samples using a standard 50 mCi 57Co(Rh) source. In light of the 

vast applications [204] in industry and research, several books [198,179,185,180] on 

Mössbauer spectroscopy have been published since its discovery. In this chapter, a 

summary of Mössbauer spectroscopy is presented. In addition, a vibrating sample 

magnetometer (VSM) was used as a complementary technique to investigate the 

magnetic properties of potential DMS materials. A brief introduction of the 

principle of operation of a VSM system is discussed. More importantly, also 

included are specific experimental details of the measurements undertaken on 

different samples. 

3.1. Description of samples 

Single crystal and thin film growth can be achieved by a number of different 

methods which include, MBE, MOCVD, pulsed laser deposition (PLD), 

metalorganic vapour phase epitaxy (MOVPE), sputtering, hydrothermal and 

hydride vapour phase epitaxy (HVPE) [205]. Commercially available undoped ZnO 

single crystals and nitride films with a hexagonal (wurtzite) crystal structure and 

(0001) plane with surface areas of 10 mm  10 mm were used in this study. Table 

3.1 gives a summary of the suppliers, film thicknesses, substrates used and growth 

methods. 
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Table 3.1: Details of samples used in this study. 

Material Supplier Film 

thickness 

Substrate Growth 

mechanism 

ZnO Crystec, Germany 0.5 mm Single Crystal Hydrothermal 

AlN MTI Corporation, 

USA 

0.1 μm Sapphire HVPE 

GaN MTI Corporation, 

USA 

0.5 μm Sapphire HVPE 

InN TDI – Oxford 

Instruments -USA 

0.1 μm GaN/Sapphire HVPE 

In order to check the crystallinity of the materials, X-ray diffraction (XRD) 

measurements were performed on all the samples using a Phillips PW1820 

diffractometer. The XRD patterns for the nitride films and ZnO single crystal 

samples are displayed in Figures 3.1-3.3 and 3.4, respectively, with the peak 

assignments guided by the results in the literature for the corresponding materials; 

AlN [206,207], GaN [208,209,210], InN [210,211,212] and ZnO [133,144]. As reflected in Figures 

3.1-3.3, additional peaks corresponding to the substrates are observed, mainly the 

0006 plane for -Al2O3 in all nitride films. Similarly, the 0002 and 0004 planes for 

GaN are also observed in InN. 

 

 Figure 3.1: XRD pattern for AlN film on a Sapphire substrate. 
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Figure 3.2: XRD pattern for GaN film on a Sapphire substrate. 

 

 

Figure 3.3: XRD pattern for InN film on GaN/Sapphire substrates. 
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Figure 3.4: XRD patterns for ZnO single crystal. 

In the case of single crystal ZnO, the 0002 and 0004 reflections are observed in the 

XRD pattern. 

3.2. Material modification by ion implantation 

Over the last few decades, ion implantation has proved to be a key processing step 

in material modification, in particular for its application in silicon integrated circuit 

(IC) technology. Most of the successes arise from its ability to circumvent solubility 

and diffusion limits compared with the conventional diffusion technique. Moreover, 

ion implantation is an attractive option for material fabrication because nearly all 

elements can be incorporated in a semiconductor matrix with precise control of 

concentration and depth distribution by varying the fluence and ion beam energy, 

respectively.   

Radioactive 57Mn* implantations were carried out prior to on-line emission 

Mössbauer spectroscopy measurements at ISOLDE, CERN. Implantation energies 

of 50-60 keV were used on III-nitrides (AlN, GaN, InN) and 56Fe pre-implanted 

ZnO samples with fluences in the order of 3.0×1012 ions/cm2 at an implantation 
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angle (θI) of 60o relative to the crystal’s surface determined by the experimental 

configuration at ISOLDE. 

The implantation of stable 57Fe, 56Fe and 59Co atoms on hydrothermally grown ZnO 

single crystals were carried out using the ROMEO implanter at the University of 

Jena. The stable implantations were performed at room temperature in an 

implantation chamber under vacuum with a pressure < 3×10-6 mbar with the 

samples tilted at an angle of 7o with respect to the direction of the ion beam to 

prevent channelling effects.  

3.3. Implantation profiles, parameters and fluences 

The implantation profiles were simulated with the Monte-Carlo method using 200 

000 ions. SRIM-2011 which uses the stopping power version released in 2008 was 

employed in the calculation [69]. The implantation profiles, parameters and fluences 

are described in detail below. 

3.3.1. 57Mn* in Nitrides and ZnO 

The simulated implantation profiles for 57Mn* implanted in nitrides and ZnO at an 

implantation angle of 60o are shown in Figure 3.5.  

 

Figure 3.5: Implantation profile for 57Mn* in (a) nitrides and (b) ZnO at θI =60o. 

The Gaussian profile for AlN shows a peak concentration of Mn ions at a depth of 

~17 nm with a half width at half maximum (HWHM) linewidth of ~9 nm, while in 

GaN most Mn are expected to be located at ~14 nm from the surface of the sample 

with a profile linewidth of ~10 nm. For InN, a Gaussian profile with peak 

concentration of ions (Pc) expected at a penetration depth of ~15 nm and HWHM 

linewidth of ~12 nm.  Mn dopants in the nitride films are located within a depth of 
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approximately less than 60 nm, which is within the thickness of the films of nitride 

sample used. A summary of other simulation results are presented in Table 3.2. 

 Table 3.2: Implantation simulation results from 57Mn* in III-nitrides and ZnO. 

Material Range (nm) Straggling (nm) Pc (nm) 

 Average Lateral Radial Average Lateral Radial  

AlN 19.9 33.4 34.9 10.4 35.7 12.5 ~17 

GaN 16.9 25.0 27.7 10.4 28.2 12.6 ~14 

InN 21.2 28.2 32.8 13.4 32.6 16.1 ~15 

ZnO 17.7 26.5 29.1 10.8 29.7 13.3 ~15 

3.3.2. 56Fe pre-implanted ZnO samples 

The implantation profile for 56Fe 

with 60 keV ion energy is presented 

in Figure 3.6.  The resulting 

Gaussian profile has a peak 

concentration at an implantation 

depth of ~27 nm and linewidth of 

~20 nm. The implantation energy 

was chosen to match the energy used 

for 57Mn* implantation. 

3.3.3. “Box” Profile Samples 

Two ZnO samples implanted with box profiles of 56Fe and 59Co samples were 

obtained by multiple implantations at different energies and lastly 57Fe close to the 

surface in order to perform conversion electron Mössbauer spectroscopy. Thus, the 

implantation profiles were filled with 56Fe and 59Co at higher energies to obtain 

homogeneous doping up to 200 nm. This was followed by 57Fe ions with an energy 

of 60 keV near the surface of the sample, with a peak concentration at ~27 nm from 

the sample surface, a depth within the detection limits of CEMS. In addition, the 

two different transition metals, Fe and Co were employed as dopants to investigate 

their effect on the expected magnetic properties. 

3.3.3.1. ZnO:56Fe+57Fe 

The simulated implantation profile for ZnO:56Fe+57Fe with different implantation 

energies for the respective isotopes are shown in Figure 3.7.  

Figure 3.6: Implantation profile for ZnO implanted 

with 56Fe. 
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The fluences were calculated to 

have 5×1015 ions/cm2 of 57Fe 

close to the surface and 

4.58×1016 ion/cm2 of 56Fe 

resulting in an overall Fe 

fluence of 5.08×1016          

ions/cm2 but keeping the peak 

concentration below Dietl and 

co-workers’ [19] prediction of      

~ 5 at.%.  The percentage atomic concentration is given by the expression, 

                                                           
c

at.%

at.

100%
P

C
N


  ,                                   (3.1) 

where Pc is the concentration in at./cm3 obtained directly from the peak value of the 

implantation profile in Figure 3.7, ϕ is the implanted fluence in at./cm2 and Nat. is 

the number of atoms per unit volume. A final concentration of ~2.5 at.% was 

calculated using Nat. = 8.3×1022 at./cm3 for ZnO.  

3.3.3.2. ZnO:59Co+57Fe 

Motivated by reports of ferromagnetism in Co implanted ZnO [127,128,129] and also to 

investigate the effect of a different transition metal, a sample with 59Co instead of 

56Fe was prepared in a similar box profile and matching concentration of both 

dopants. The simulated implantation profile for ZnO:59Co+57Fe with different 

implantation energies for the respective isotopes are shown in Figure 3.8 (a) and 

the Fe/Co ratio as a function of implantation depth is shown in Figure 3.8 (b).    

 

Figure 3.8: (a) Implantation profile for 57Fe and 59Co in ZnO and (b) Fe/Co ratio as a function of 

depth. 

Figure 3.7: Implantation profile of 57Fe and 56Fe in ZnO. 
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3.4. Mössbauer Spectroscopy 

The Mössbauer effect can be used to study the properties of an absorbing nucleus 

and emitting nucleus. As a results, several Mössbauer spectroscopy 

approaches/techniques are employed depending on materials under investigation 

and application. The unique feature of Mössbauer spectroscopy is its ability to 

probe the location environment at an atomic scale, and in turn provide reliable 

information on the lattice sites, symmetry, charge states and magnetic interactions 

of the Mössbauer isotopes.  In this study, conversion electron Mössbauer 

spectroscopy (CEMS) and emission Mössbauer spectroscopy (eMS) were 

employed and are discussed in detail in the following sections.  

3.5. Conversion Electron Mössbauer Spectroscopy 

CEMS is the most developed among scattering Mössbauer techniques because it 

provides a unique way for surface characterisation of solid materials. In this 

technique, the resonant absorption of the γ-rays occurs in the sample under study.  

The excited nuclei can de-excite back to the ground state by either emission of 

fluorescent photons or by emission of conversion electrons [179]. These conversion 

electrons have energies of a few keV resulting in a penetration depth of up to 100 

nm and the depth information obtained in CEMS measurements depends on the 

energy of the electron detected. The emitted energy corresponds to the difference 

between the photon energy and the electron binding energy. The electron 

conversion process competes with the re-emission of γ-rays, and the ratio of their 

rates yields the conversion coefficient given by αc = Ne/Nγ, where Ne and Nγ are the 

numbers of the emitted electrons and photons, respectively. The larger the value of 

αc (8.21 for 57Fe and 5.1 for 119Sn), the more effective the electron emission     

process [213].  

The nuclear decay for 57Co to 57Fe and other several backscattering processes for 

the 57Fe following resonant absorption of an incident gamma ray is shown in   

Figure 3.9. The K, L, M…core levels have distinct probabilities to contribute to 

internal conversion, but it is most likely to be prominent in the innermost (K) level 

because of the overlap between the electronic and nuclear wavefuctions. In the case 

of 57Fe, the ejected K-conversion electron has a kinetic energy of 7.3 keV and leaves 
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behind a vacancy (hole) in the K level, which is then filled by an electron from a 

higher shell resulting in energy released either as X-rays or an Auger electron (i.e. 

a third electron being emitted for the same atom).  

 

Figure 3.9: Decay scheme for 57Co to 57Fe and different backscattering processes for 57Fe following 

resonant absorption of an incident γ-ray. [Adopted from Dyar et al. [189]] 

3.5.1. CEMS Measurements and annealing conditions 

Room temperature CEMS measurements using a standard 57Co(Rh) source were 

carried out on the as-implanted ZnO:57Fe+56Fe and ZnO:57Fe+59Co samples and 

after annealing at temperatures of 773 K and 973 K. These samples were annealed 

for 30 minutes in a vacuum (with pressure < 10-6 mbar). 

3.6. Emission Mössbauer Spectroscopy at ISOLDE 

Emission Mössbauer spectroscopy utilizing radioactive precursor isotope 57Mn*                    

(t½ = 1.5 min) produced at the ISOLDE, CERN as implantation probe atoms, which 

decays to 57Fe have been used for studying magnetic properties, lattice locations 

and charge states of dopants in nitrides (GaN, AlN and InN) and 56Fe pre-implanted 

ZnO crystal samples fluences of 21013, 51013 and 81013 ions/cm2. Use of short-

lived radioactive isotopes presents a novel method where the sample under study 

act as a source of γ-rays after implantation. 
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3.6.1. Beam production  

Radioactive 57Mn* beams are produced at the ISOLDE Facility, using a 1.4 GeV 

proton-induced nuclear fission in a uranium carbide (UC2) target. 57Mn* atoms are 

subsequently ionised by a 

multi-frequency element 

specific laser irradiation 

system [214,215] (see Figure 

3.10) and at the same time 

57Fe contaminants of up to 

1010 ions/s in the beam are 

removed. The singly 

charged ions are then 

accelerated to energy of    

50-60 keV before they are 

mass separated by magnets 

to produce pure radioactive 

57Mn* ion beams with 

intensities ≥ 108 s-1, which 

are then directed to the 

implantation chamber. A beam spot area of 0.3 cm2 corresponds to a flux of 

~6.2×108 57Mn*/(cm2·s).           

3.6.2. Experimental set-up 

The high vacuum implantation chamber, as illustrated in Figure 3.10, is connected 

by soft bellows to the 57Mn* beam-line system and is pumped to 10-6 mbar. A liquid 

N2 cryostat system is connected to the implantation chamber for low temperature 

(77-300 K) measurements using a single position sample holder. A four position 

sample holder is used for high temperature measurements (300 – 700 K) to enable 

a series of measurements without breaking the vacuum. In the initial measurements, 

two sample holder positions were allocated for beam alignment, current 

optimisation and calibration purposes with an α-Fe foil. A beam of 57Mn* is directed 

through an empty sample position towards a Faraday cup to optimise the beam 

current which is achieved by varying the beam steering parameters on the ISOLDE 

Figure 3.10: Beam production at ISOLDE. 
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console. Figure 3.11 shows a picture of the experimental set-up and schematic view 

showing the beam direction, sample and detector arrangement with an emission 

angle of 60o relative to the normal of the crystal’s c-axis.  

 

Figure 3.11: Pictorial image of the experimental set-up for emission Mössbauer spectroscopy at 

ISOLDE. 

The Faraday cup is designed to collect charged particles, hence the number of 57Mn* 

ions striking the cup were used to determine the beam current. The second empty 

position is used for calibration; all hyperfine parameters are determined relative to 

an α-Fe spectrum measured at room temperature. An Osram halogen photo-optic 

lamp (15 V, 150 W) incorporated in the implantation chamber provides a rapid 

thermal annealing system with a temperature range up to approximately 800 K. A 

beryllium window is placed on the UHV implantation chamber facing the detector 

and acts as a filter for any radiation other than the 14.4 keV γ-rays. The parallel-

plate avalanche counter [216] (PPAC) detector is mounted on the Mössbauer drive 

unit providing the Doppler velocity to record Mössbauer spectra of the emitted γ-

radiation.  
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3.6.3. Resonance detectors 

The resonance detectors utilised in this study makes use of the conversion electrons 

emitted from the surface of the absorbing material following the de-excitation of 

excited nuclei after resonant absorption of γ-rays. In CEMS, the sample under study 

is the absorber while in eMS, the sample is the source of γ-radiation and a single 

line absorber material is utilized in the detector.  

3.6.3.1. 57Fe enriched stainless steel detector 

A. Design 

A cross-sectional view of a PPAC is shown in Figure 3.12. The detector housing 

was made of Perspex; however, any material with a low atomic number such as 

aluminum may be used.  

 

Figure 3.12: A cross-sectional view of a typical PPAC. 



 

  

Chapter 3                                                                     Materials Modification and Experimental Details  

56 

 

Inside the detector, two conductive parallel plates where a bias high voltage is 

applied to create a homogeneous electric field are incorporated. The electrical 

conductivity on the inner surfaces is achieved by spraying Perspex with graphite 

spray on one plate while on the other a single line resonance absorber material such 

as 57Fe enriched stainless steel. The detector is connected to a gas reservoir usually 

containing acetone via a long thin plastic tube connected to the inlet. The light 

weight detector is driven by the Mossbauer drive during measurements and together 

with its accessories it is covered with an Al foil which reduces the cross-section for 

photo-electron production and shielding from external radio-frequency 

interference. 

B. Principle of Operation 

A bias voltage applied between the parallel plates results in a uniform electric field 

that repels the conversion electrons from the surface following the de-excitation of 

the excited nuclei. These conversion electrons ionises the gas atoms between the 

parallel plates causing the formation of avalanches - a shower of ionised particles. 

The resulting ionisations lead to further formation of more electrons and ions which 

in themselves cause further ionisations. Due to the presence of the electric field, 

cations will move towards the cathode while the electrons are attracted to the anode 

and counted. The beam current of 57Mn* is relatively low compared to stable beams, 

hence these efficient PPAC detectors are used in data acquisition. These are fast 

and insensitive to γ- or X-ray background radiation, i.e. the signal to background 

ratio is high [217]. In addition, PPAC detectors have a relatively high time resolution 

in the order of nanoseconds (10-9 s), thus high count rates can be tolerated. The 

detector is an acetone gas-filled (pressure of 25 mbar) resonance counter equipped 

with enriched stainless steel. In the 57Fe enriched stainless steel, ~ 90% of the γ-

radiation is transmitted and this motivated the development of a new detector based 

on multiple plates of FeAl deposited on a beryllium substrate to increase the 

detection efficiency.  The development of the FeAl detector, preliminary tests, and 

future work are discussed in Appendix B.  
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3.6.3.2. CEMS Detector 

A CEMS detector is also gas operated, similar in design and principle as a PPAC. 

The only difference is that the sample under study is incorporated inside the 

detector, mounted on an aluminised Mylar foil which replaces the single line 

absorber. The acetone vapour was pumped to pressures of ~40 mbar and operating 

voltages in the range of ~600-800 V were used. A combination of 10%CH4:90%He 

can also be used as a counting gas. 

3.6.4. Mössbauer electronics 

The experimental set-up and the electronics for Mössbauer spectroscopy at 

ISOLDE are shown in Figure 3.13. 

 

Figure 3.13: Schematic diagram of the experimental set-up and electronics [177] at ISOLDE. 
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The pulses from the detector are pre-amplified, then amplified and sent through a 

single channel analyser (SCA) or discriminator which cuts out the non-resonant 

background radiation and detector/pre-amplifier noise. The selected pulses are 

finally fed into a multichannel analyser (MCA) operating in multichannel scaling 

(MCS) mode where several hundreds of channels are synchronised with the velocity 

of the Mössbauer drive unit (MDU) making use of the feedback control system 

through the function generator (FG). The FG supplies a reference signal which 

determines the waveform of the source. Apart from the analogue signal, the FG also 

provides two digital control pulses (Start and Channel Advance – CHA), which are 

utilised to synchronise the MCA. The Start pulse resets the MCA and opens the 

first data register to accept counts. Pulses from the SCA which arrive while the 

register is open are accumulated to the current contents. The current register closes 

and the next one opens every time each successive CHA pulse arrives [187]. Thus, 

the arriving pulses are collected and placed in a register that corresponds to a 

particular drive velocity. When a complete waveform has been generated (usually 

512 channels), a new Start pulse is sent and the process is repeated. The MCA can 

be a separate module or a card incorporated inside a computer, which provides data 

storage and spectra display. 

3.6.5. eMS measurements  

The beam-sample-detector geometry shown in Figure 3.13 was used for eMS 

measurements. The sample was mounted on a holder placed at an angle of 30o with 

respect to the beam line, resulting in γ-ray emission angle (θγ) of 60o with crystal’s 

c-axis.  

57Mn* ions of 50-60 keV energy were implanted at ambient temperatures with 

fluences up to 1012 ions/cm2 into the materials under study. Following implantation, 

low temperature (77 K) measurements and measurements during an annealing 

sequence (300-700 K) were then performed on a wide velocity scale of ±12 mm/s 

to obtain information from the ‘wings’ of the spectra. The low fluences were 

employed to ensure that precipitation and overlapping damage cascades are 

effectively ruled out. The half-life of 57Mn* (1.5 min) is sufficient to allow for the 

annealing of the radiation damage to occur at increasing temperatures, before Mn 
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decay and subsequent measurement of the 57Fe Mössbauer spectra. The excited 

57Mn* state decays directly to the 14.4 keV state of 57Fe with 80% probability. A 

mean recoil energy of 40 eV is imparted to the 57Fe atoms [218].   

Angular dependent measurements were carried out with the spectra collected at       

θγ = 0o and 60o. For measurements at θγ = 0°, the samples were first implanted for 

4 minutes at I = 60° with respect to the sample’s surface, and thereafter rotated to 

face the detector and a new spectrum was recorded during the decay of 57Mn* for    

4 minutes after the implantation. This process was repeated several times to obtain 

data with sufficient statistics. A narrow velocity scale of ~ ± 4.5 mm/s was selected 

to investigate any anisotropy effects in the central region of the spectra and to 

perform more detailed analysis in order to determine the nature of the lattice sites 

of the probe ions. The measurements discussed in this report were performed using 

a 57Fe-enriched stainless steel detector.  

3.6.6. Comparison of strengths and weaknesses of Mössbauer 

spectroscopic approaches 

The advantages of online eMS over CEMS, conventional transmission Mössbauer 

spectroscopy (TMS) and in-beam Mössbauer spectroscopy (IBMS) were discussed 

in a previous research report [177]. Emission Mössbauer spectroscopy presents a 

novel technique of using the sample under study as the source of γ-radiation 

offering high sensitivity to the atomic information in the vicinity of the probe atoms. 

Furthermore, the advantage of the eMS technique when short-lived radioactive 

isotopes are utilised allows for a spectrum to be recorded in 5 to10 minutes as 

compared to ~24-36 hours necessary when the IBMS method is applied. A spectrum 

collected by the CEMS approach requires an average of 10 days. These three 

techniques and the time required for data acquisition depends on the sample being 

measured. Moreover, eMS allows for studies in extremely dilute systems               

(1012 ions/cm2), while fluences above 1015 ions/cm2 are required for CEMS 

measurements with a 50 mCi source. As a result, these approaches have been 

chosen systematically for different investigations in the fluence regimes within this 

project. On the other hand, CEMS allows effective standalone studies of fluence 

dependence and offline annealing in implanted samples without increasing the 
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concentration in the sample as compared to online eMS measurements. In addition, 

a very important aspect of 57Mn* → 57Fe eMS experiments is the half-life of 1.5 

minutes for the 57Mn* state which allows effective annealing of the lattice and 

diffusion to occur before the Mössbauer decay  unlike in IBMS where the effective 

time for thermal treatment is the lifetime of the 14.4 keV Mössbauer state (100 ns).   

Furthermore in online eMS, radiation damage created during implantation can be 

annealed during the measurement. 

3.7. Vibrating Sample Magnetometer 

 The magnetisation of ferromagnetic materials can be investigated in a number of 

ways. These include, techniques based on the detection of the dipole field, the force 

method, or the induction method. In dilute magnetism studies, techniques such as 

superconducting quantum interference device (SQUID), vibrating sample 

magnetometer (VSM) and recently X-ray magnetic circular dichroism (XMCD) a 

synchrotron based technique are utilised. In the current study, VSM, a simple and 

effective system pioneered in the late 1950s by S. Foner [219] serves as an excellent 

tool for exploring magnetic properties of doped semiconductor materials. It is used 

to measure the magnetic moment and hence the magnetic dipole moment in the 

presence of a slowly changing or static magnetic field [220].  

3.7.1. Principle of operation 

VSM is based on Faraday’s Law of induction in which an electromotive force (emf) 

is induced in a conducting material by a time varying magnetic flux. The principle 

lies on the detection of induced emf in a coil wire given by the relation: 

                                                         cos
d

N BA
dt

   ,                                      (3.2) 

where, N is the number of turns in the coil, A - the coil turn area and θ - the angle 

between the direction normal to the surface the applied magnetic field (B).  

A sample under investigation is placed at the lower end of a long rigid rod which is 

mechanically driven such that it oscillates vertically by a transducer identical in 

design to a loudspeaker. The rod is positioned between the pole pieces of an 

electromagnet to which detection coils are mounted. Thus the sample is vibrated at 
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small fixed amplitudes with respect to stationary pick-up coils in a homogenous 

external magnetic field produced by an electromagnet. The pick-up coils measure 

the induced magnetic flux and a resulting variable signal is proportional to the 

magnetic moment of the material under study and also to the vibration frequency 

and amplitude. The induced signals are fed to a differential amplifier to compensate 

for variations in amplitude and frequency of oscillations [221,222]. In addition, a lock-

in amplifier with phase-sensitive detection (synchronous detector) coupled to a low 

pass filter generates a direct current output signal that purely depends on the 

induced magnetic moment from the specimen [220]. Figure 3.14 shows a cross-

section of a typical vibrating sample magnetometer. 

 

Figure 3.14: Cross-sectional view of a VSM system with insert showing the working principle. 

The pick-up coils are matched and connected in opposite sense (see insert in     

Figure 3.14), such that in the absence of a sample the overall induced voltage is 

zero. This is because the external magnetic field is induced in equal and opposite 

directions. When the sample is in upward motion, it causes an increase in the flux 

through the upper pick-up coils and a decrease in the flux through the pick-up coils. 

The reverse is consistent with the downward motion of the specimen. As a result, 
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the overall voltage induced when the sample is oscillating is proportional to twice 

the divergence of the B field. 

3.7.2. VSM measurements  

In this report, the VSM system was used to investigate the magnetic properties of 

implanted ZnO samples as function of measuring temperature (Tm) at 4 K and 293 

K after heat treatment in a vacuum for 30 minutes at an annealing temperatures of 

TA = 973 K. In addition, magnetisation curves of a virgin ZnO sample were also 

measured at both measuring temperatures and used for subtracting the diamagnetic 

component form the data.  

3.8. Summary of measurements 

Several Mössbauer spectroscopy studies have been reported mainly in                      

GaN [96,104,110,111] and ZnO [116,118,169,117,130] using 57Fe, covering the range of fluences 

of 1-8 at.%. As a result different approaches were employed in preparing samples 

to investigate the magnetic properties with the aim of not repeating similar 

experiments as reported in literature. In the current study, stable elements and 

radioactive precursor isotopes of transition metals mainly 57Fe, 56Fe and 59Co 

implantations were carried out on ZnO and/or nitrides semiconductors for different 

studies and for specific experimental techniques. Three different approaches were 

employed to investigate the effect of dopants with respect to the possible magnetic 

properties in doped ZnO and/or nitrides: 

a) Radioactive pre-cursor isotope 57Mn* which β-decays to 57Fe for online 

emission Mössbauer spectroscopy measurements at ISOLDE, CERN was 

mainly utilised for III-nitrides. The fluence range is of the order of              

~3×1012 ions/cm2 resulting in extremely dilute systems with a concentration of 

~10-4 at.%, eliminating the possibility of precipitation/clustering.  

Online eMS measurements were carried out as a function of temperature to 

investigate the lattice sites, annealing behaviour and relaxation effects of the 

paramagnetic Fe3+ ions. The results were also compared with stable 57Fe 

implantation in similar materials, mainly GaN and a comparison of relaxation 

rates in oxides from similar studies. 
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b) Stable 57Fe implantation and co-doping with 56Fe and 59Co in ZnO for CEMS 

and VSM experiments. The implantations were carried out with different ion 

energies to achieve homogenous concentrations of transition metal elements in 

the sample. 56Fe was used to increase the concentration of iron in the sample 

and to investigate the effect of fluence on the magnetic properties, while co-

doping with 59Co was used to study the effect of introducing a different 

transition metal motivated by reports on ferromagnetic behaviour in Co 

implanted ZnO [127,128,129]. CEMS measurements were performed on the as-

implanted and annealing up to 973 K. Magnetisation measurements were 

performed on the annealed samples at low temperature (~4 K) and close to room 

temperature (~293 K).  

c) The third approach utilised both stable and radioactive isotopes; three ZnO 

samples were initially modified by pre-implantation of 56Fe with different 

fluences (21013, 51013 and 81013 ions/cm2), followed by eMS measurements 

after implantation of radioactive 57Mn*. The objective was to investigate the 

effect of Fe concentration on the relaxation rates, the fractional contribution of 

paramagnetic Fe3+ to the Mössbauer spectra and to correlate the results with 

similar studies in virgin and other pre-implanted ZnO samples. 

 

The details of the samples prepared by ion implantation are listed in Table 3.3 while 

the analysis of the data obtained from eMS, CEMS and VSM measurements and 

the results are presented in the next chapter. 
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Table 3.3: List of samples prepared by ion implantation and measurements conducted. 

 Material Implanted 

Species 

Fluence 

(ions/cm2) 

Implantation 

Energy (keV) 

Implantation 

Angle (o) 

Temperature 

(K) 

Sample 

Name/Identifier 

Measurements performed 

1 GaN 
57Mn* ~3×1012 50 60 100-800K 

GaN Online eMS measurements as 

a function of temperature and 

angle. 
2 AlN AlN 

3 InN InN 

 

4 ZnO 

56Fe 3.6×1016 345 

7 RT ZnO:57Fe+56Fe 

CEMS as-implanted samples 

and after annealing and 

VSM. 

56Fe 1.0×1016 155 
57Fe 5.0×1015 60 

 

5 ZnO 

59Co 4.1×1016 345 

7 RT ZnO:57Fe+59Co 
CEMS on as-implanted and 

after annealing and VSM. 
59Co 1.2×1016 145 
57Fe 5.0×1015 60 

 

6 ZnO 
56Fe 2.0×1013 60 7 RT 

ZnO:56Fe2 
Online eMS as a function of 

temperature. 57Mn* ~3×1012 50 60 300-800K 

 

7 ZnO 

56Fe 5.0×1013 60 7 RT 
ZnO:56Fe3 

Online eMS as a function of 

temperature. 57Mn* ~3×1012 50 60 300-800K 

 

8 ZnO 
56Fe 8.0×1013 60 7 RT 

ZnO:56Fe8 
Online eMS as a function of 

temperature. 57Mn* ~3×1012 50 60 300-800K 

 

NB:   

 Radioactive 57Mn* was implanted during online eMS measurements, while stable isotopes were separately pre-implanted before 

CEMS and VSM measurements. 

 Implantation angles are measured relative to the implanted sample surface (not the crystal’s c-axis as in emission angles).  
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Chapter 4  

Analysis, Results and Discussion 

This chapter focuses on the analysis and interpretation of the data obtained from the 

following measurements: 

a) Online emission Mössbauer spectroscopy (eMS) on nitrides (GaN, AlN and 

InN) films and 56Fe pre-implanted ZnO single crystals following 57Mn* 

implantation at ISOLDE/CERN. Measurements were performed as a 

function of temperature and emission angles. 

b) 57Fe conversion electron Mössbauer spectroscopy (CEMS) on two ZnO 

samples implanted with 57Fe and box profiles of 56Fe and 59Co: (i) 

ZnO:57Fe+56Fe and (ii) ZnO:57Fe+59Co. The experiments were performed 

on as-implanted samples and after annealing at 773 K and 973 K for 30 

minutes in a vacuum. 

c) Vibrating sample magnetometer (VSM) measurements on ZnO single 

crystals implanted with stable isotopes to investigate any magnetic 

properties on the bulk samples after annealing. Measurements were carried 

out as a function of applied magnetic field of ±1 T at measuring 

temperatures (Tm) of 4 K and 293 K.  

4.1. eMS measurements on nitrides 

This section describes the analysis procedures and results eMS data collected on 

GaN, AlN and InN samples. Measurements were undertaken at a γ-emission angle 

(θγ) of 60o relative to the sample’s c-axis as a function of temperature over a velocity 

range of ±12 mm/s. In addition room temperature data were collected in a narrow 

velocity scale of ±4.5 mm/sa to investigate any angular dependence in the central 

region of the spectra.  

 

                                                 
a “mm/s” is the convenient Mössbauer unit and for 57Fe, 1 mm/s = 4.810-8 eV 
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4.1.1. Analysis and Results: GaN 

The emission Mössbauer spectrum obtained 

at 300 K for the GaN film grown on a 

sapphire substrate following 57Mn* 

implantation is shown in Figure 4.1 (a). The 

central region of the spectrum was analysed 

with three doublets labelled D1, D2 and D3. 

In addition, the spectrum revealed magnetic 

structure in the ‘wings’ the spectrum, a 

zoomed in view is shown in Figure 4.1 (b). 

The magnetic structure was analysed in 

terms of two sextets labelled BT1 and BT2. 

The choice of these spectral components and 

fitting procedure are discussed below. 

Angle dependence measurements were 

carried out on a narrow velocity scale of 

±4.5 mm/s to ascertain the nature of the site 

location of the dopants. Room temperature 

spectra recorded at emission angles of 60o 

and 0o are presented in Figure 4.2.  

The change in the relative intensities of the 

two legs of the spectra at the measured 

emission angles indicates that the probe 

ions are located on regular crystalline sites. 

This observation is in disagreement with 

the results obtained for cubic III-V’s [172,173] 

where Fe in isolated damaged regions 

dominated the spectra below room 

temperature, attesting to the radiation 

hardness of GaN. The central region of the 

GaN spectra was initially fitted using two 

Figure 4.1: (a) Emission Mössbauer 

spectrum of GaN obtained at   300 K and at 

an emission angle of 60o and (b) zoomed-in 

view of the two BT sextets used to analyse the 

magnetic structure in (a). 

Figure 4.2: Room temperature 57Fe emission 

Mössbauer spectra obtained after 

implantation of 57Mn* into GaN at emission 

angles of 0o and 60o relative to the sample         

c-axis. 
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asymmetric quadrupole split doublets, D1 and D2 as guided by the observed angular 

dependence. A description of the analysis strategy for the two components is given 

below:  

 An asymmetric doublet (D1) with intensity ratio (Iπ/Iσ) = 0.88 and 3.0 for 

π(±1/2→±3/2) and σ(±1/2→±1/2) transitions is given by equation 2.24 for an emission 

angle of 60o and 0o. 

 A two segment quadrupole split doublet/distribution which allows for free 

coupling between the isomer shift and quadrupole splitting was used in the 

analysis of D2. The variables are related by the expression: 

QE 10  ,                                 (4.1) 

where δ0 was fitted as a free parameter while δ1 as a global parameter and ∆EQ 

is the average quadrupole splitting. A global parameter is a temperature 

independent variable which is applied in data analysis. The sign and direction 

of Vzz determines which ‘leg’ of the asymmetric quadrupole doublet is more 

intense. A scaled dependence, fobs(θ), is observed for the two segment 

quadrupole distribution irrespective of how the electric field gradient (EFG) 

crystal symmetry axes are related. The scaled dependence is described by the 

equation:  

( ) [ ( ) 1] 1
obs

f Q f     ,                             (4.2) 

where, f(θ) is ratio of the intensities the two legs of a typical asymmetric doublet 

between the π(±1/2→±3/2) and σ(±1/2→±1/2) given by the equation 2.24. Q is a fitting 

parameter which represents a scaling factor for the observed angle dependence 

of the two-segment quadrupole spilt doublet, with values ranging from 0 to 1 

and gives a measure of the asymmetry of this doublet. Q = 0 results in the 

polycrystalline case whereas Q = 1 yields a single crystalline case with full 

polarisation. A Q value of 0.08(1) was determined from the analysis of the GaN 

spectra. 

In addition, a third asymmetric doublet (D3) was required to fit the data in the final 

analysis. This spectral component showed no angular dependence and its physical 

significance will be discussed in subsequent sections in this chapter. 
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The magnetic feature observed in the wings of the spectra for GaN is similar to 

results obtained in oxides [150,151,152,153] characteristic of paramagnetic Fe3+ (S=5/2) 

showing long spin-lattice relaxation times. In a non-cubic crystal field, the 6S 

ground state of Fe3+ splits into three Kramers doublets with Sz = ±5/2, ±3/2, and 

±1/2 and each of the three doublets produces its own unique Mössbauer sextet with 

the resultant effect yielding a complicated summed  spectrum [162,223,224]. In this 

study, the magnetic structure was analysed using a semi-empirical relaxation model 

utilizing Blume-Tjon (BT), where, the number of sextets required to fit a spectrum 

is a measure of the ‘sharpness’ of the spectral features and information on the 

strength of the magnetic hyperfine field (Bhf)
 [150] is obtained. The BT line shape 

contains six lines with intensities given by the ratio 3:2:1:1:2:3 and a constant 

experimental linewidth determined by the intrinsic linewidth of the detector and 

geometrical broadening resulting from the experimental set-up. Moreover, it has an 

additional line broadening (ΔΓ) with units of mm/s describing the relaxation effects. 

According to Blume and Tjon [225], the 

line broadening for Mössbauer spectra 

showing relaxation effects can be 

approximately determined from the 

equation,  

1

0

2   
c

E
,       (4.3) 

where E0 is the Mössbauer transition 

energy, ħ is the reduced Planck’s 

constant, and c is the speed of light. As a 

result, with increasing temperature and in 

turn the increase in the line broadening 

from which the spin-lattice relaxation 

rates can be determined. A simulation of 

the relaxation spectra with the indicated 

relaxation times assuming a hyperfine 

field of ±50T is shown in Figure 4.3. As 

the relaxation rate increases, the sextets 

Figure 4.3: 57Fe Mössbauer spectra simulated 

with Blume-Tjon model using hyperfine field of 

±50 T at relaxation time indicated. 
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start to collapse in pairs beginning with the inner most lines. This is because the 

Larmor precession time for the outer lines is shorter than that for the inner lines, 

since (τl) is proportional to the energy difference between spectral lines.  

The final spectral fitting was performed simultaneously using a set of macros in 

Vinda [226] in an iterative procedure taking advantage of the temperature dependent 

appearance and disappearance of fitted spectral components for their unequivocal 

identification in addition to the observed anisotropy of the central region and 

magnetic features on the wings.  

The isomer shift of D1 showed a temperature dependence consistent with the 

second-order Doppler shift was restricted to follow this trend with temperature 

while the quadrupole splitting showed a minor variation with temperature and was 

fitted as a global parameter, (fitted a constant parameter on individual data sets 

linked to a program file in Vinda) over the measured temperature range. For the D1 

spectral component a Voigt line shape with a fixed Lorentzian linewidth was 

utilised in the analysis with a Gaussian broadening fitted as a global parameter since 

no temperature dependence of the Gaussian broadening was observed. The complex 

Voigt model was applied to investigate the possibility of line broadening and 

effectively to determine any temperature dependence of various hyperfine 

interaction parameters in order to properly assign them to their Fe lattice position 

or configuration. 

The hyperfine parameters of D2 and D3 and the area contribution of all the central 

components were fitted as free parameters to effectively monitor their temperature 

dependence. 

In light of the semi-empirical model describe above, the magnetic structure on the 

wings of the spectra for GaN was analysed with two Blume-Tjon (BT1 and BT2) 

sextets. The isomer shifts of the two sextets were restricted to follow the second 

order Doppler shift with temperature while the quadrupole shifts (ϵQ) were fitted 

simultaneously as a global parameter based on the non-temperature dependence of 

high spin Fe3+. The total area of the BT sextets was fitted as a free parameter, but 

the relative area ratios of the sextets were fitted as global variables. The temperature 
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dependence of the line broadening of the BT sextets was also set as a free parameter, 

from which the relaxation rates were calculated according to equation 4.3. A 

complete temperature series spectra for GaN measured at temperatures between   

100 K and 730 K and at emission angles of θγ = 60o is presented in Figure 4.4 

together with fitted components. The temperature dependence of the magnetic 

structure observed in the spectra over the measured temperature is discussed later 

in this section.  

 

Figure 4.4: 57Fe emission Mössbauer spectra obtained after implantation of 57Mn* into GaN at the 

temperatures indicated and θγ = 60o. 
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The extracted hyperfine parameters for the fitted spectral components extracted at 

room temperature are presented in Table 4.1. 

Table 4.1: Room temperature hyperfine parameters obtained for Fe implanted in GaN. 

 D1 D2 D3 BT1 BT2 

Bhf [T] - - - 41.2(2) 22.8(3) 

(mm/s) 0.25(2) 0.41(1) 0.14(2) -0.18(3) 0.02(4) 

Q / ϵQ (mm/s) -0.30(3) 1.21(2) 2.35(3) 0.62(3) 

 (mm/s) 0.34 0.68 0.38(3) 1.51(4) 

L (mm/s) 0.12(3) - 0.26(2) - - 

R (mm/s) - - 0.27(1) - - 

In the Blume-Tjon sextets, the linewidth of 1.51(4) mm/s shows appreciable 

broadening relative to the experimental linewidth of ~0.50 mm/s, which may be 

attributed to the inhomogeneity of the environment of the Fe probe atoms in the 

sample and/or due to a distribution of hyperfine fields. It has been observed that 

when the spin relaxation rate is in the range, 106 ≤ τ-1 ≤ 109 s-1, the observed 

Mössbauer line width increases compared to the experimental linewidth [162]. 

4.1.1.1. Lattice site assignments 

The spectral component, D1 is characterised by isomer shift and quadrupole 

splitting values of δ = 0.25(2) mm/s and ΔEQ = -0.30(3) mm/s, which is at variance 

with transmission Mössbauer spectroscopy results of Alves et al. [104] who obtained 

respective values of 0.12 mm/s and 0.52 mm/s. The authors assigned this 

component to Fe atoms on substitutional Ga sites. Moreover, as highlighted earlier, 

the as-implanted CEMS spectra for Fe implanted reported by Talut et al. [110] was 

analysed with two doublets; DIII (δ = 0.42 mm/s, EQ = 0.48 mm/s) and DIV                 

(δ = 0.59 mm/s, EQ = 0.71 mm/s) and a single line (δ = -0.05 mm/s). The single 

line was assigned to either superparamagnetic α-Fe or to paramagnetic γ-Fe, while 

the doublets were assigned/attributed to Fe3+ with three and four nearest N 

neighbours, respectively. In light of the observed angular dependence in the central 

region of the spectra collected at room temperature, in this study, different analysis 

models were employed. As a result, different hyperfine parameters from studies 

reported by Alves et al. [104] and Talut et al. [110] were obtained and consequently 
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different interpretation of the lattice location and/or chemical nature of spectral 

components were given. The isomer shift of 0.25(2) mm/s for D1 suggest Fe(III).  

The quadrupole splitting for this component has been determined to be -0.30 mm/s. 

In emission geometry, ∆EQ < 0, suggests that the right ‘side’ of an asymmetric 

doublet is more intense than the left at small angles (θγ < 54.7o). This is consistent 

with the differences in the intensity ratios of 3.0 and 0.88 obtained at the measured 

angles of 0o and 60o, respectively obtained from equation 2.24. However, from 

visual inspection of the GaN spectra, the spectral components are not easily 

distinguishable because of the small quadrupole splitting value. The observed 

negative quadrupole splitting may be explained by a more negative valence 

contribution compared to the lattice contribution, since the principal axis originates 

from both charges on partially filled valence orbitals and the neighbouring ions of 

the probe atom. The angular dependence observed in the AlN spectra described in 

the next section clearly shows this effect. A relatively small quadrupole splitting 

value of -0.30 mm/s is expected in a wurtzite structure (space group P63mc); where 

the site point symmetry is lower than cubic. According to the observed anisotropy 

and hyperfine parameters, D1 is tentatively assigned to covalently bonded Fe(III) 

residing on a Ga site (FeS), tetrahedrally coordinated to 4N atoms. 

The hyperfine parameters of δ = 0.41(1) mm/s and ΔEQ = 1.21(2) mm/s have been 

extracted for the spectral component, D2. The isomer shift is more positive 

compared to the FeS, δ = 0.25(2) mm/s which corresponds to a decrease in the           

s-electron density at the probe nucleus. This suggests some relaxation of the 

bonding between the Fe ions and the surrounding lattice atoms. Furthermore, a 

relatively high quadrupole splitting with respect to FeS reflects a loss of tetrahedral 

symmetry around the Fe probe atom. In addition, because of the observed angular 

dependence, it is assigned to Fe atoms on regular crystalline sites (FeC) associated 

with vacancy type defects.  However, the isomer-shift is consistent with Fe2+ (S=0, 

S=1), Fe1+ (S=1/2) or Fe3+ (S=5/2). The Fe3+ high spin state is the only state that 

can be excluded from describing the central part of the spectra based on the 

temperature dependence of the quadrupole splitting. Moreover, depending on the 

orbitals, Fe2+ (S=0) could also be excluded. Bonanni et al. [227,228] reported EPR and 
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SQUID magnetisation results which revealed the coexistence of both Fe2+ and Fe3+ 

charge states in Fe ion implanted GaN. In the present study the latter is observed as 

a paramagnetic contribution resembled by components BT1 and BT2 with slow 

relaxation and will be discussed later, while the former is assigned to D2. 

The third doublet (D3) is characterised by a relatively high quadrupole splitting of 

~2.35(3) mm/s, an isomer shift of ~0.14(2) mm/s and a slightly broadened line 

shape with a linewidth of ~0.38(3) mm/s. The asymmetry of D3 is attributed to 

correlated distribution of isomer shifts and quadrupole splittings of Fe impurity 

atoms stemming from the probe atoms being located in isolated amorphous regions 

as observed in cubic III-V [172,173] and group IV [229,230,231] semiconductors following 

57Mn* implantation. In GaAs and GaP, spatially isolated damage zones have been 

observed by TEM [232] following implantation of 50 keV Xe+ ions with fluences        

≤ 2  1010 ions/cm2. 

4.1.1.2. Temperature dependence of hyperfine parameters in GaN 

A. Isomer Shift 

The variation of the isomer 

shift values for FeS and FeC 

with temperature are shown 

in Figure 4.5. The isomer 

shift showed a temperature 

dependence close to second 

order Doppler (SOD) shift 

(as discussed in section 

2.6.6.1) and was restricted to 

follow this behaviour in the 

final simultaneous analysis 

of the data. On the other 

hand, the isomer shift for 

FeC was fitted as a free parameter and shows a trend close to the second order 

Doppler shift with increasing temperature.  

Figure 4.5: Temperature dependence of isomer shifts 

observed in the Mössbauer spectra for Fe implanted GaN. 

(The dotted line is to guide the eye) 
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B. Quadrupole splitting 

As highlighted in the discussion of the analysis procedure, the quadrupole splitting 

of the FeS component showed minor changes with increasing temperature and was 

maintained to follow this constant behaviour. On the other hand, the average 

quadrupole splitting of FeC was fitted as a free parameter and follows an exponential 

decrease with increasing temperature as shown in Figure 4.6. The assignment of 

FeC due to Fe2+ implies that the quadrupole splitting is expected to follow a 

temperature dependence governed by Ingalls’ interpretation [191] which is 

characteristic of Fe2+ and results from both lattice and valence (3d 6  shell) 

contributions to the EFG. 

 

Figure 4.6: Temperature dependence of the quadrupole splitting for FeC observed in the 

Mössbauer spectra for Fe implanted GaN. (The dotted line is to guide the eye) 

C. Magnetic relaxation 

A zoomed view of the spectra showing the temperature dependence of the two 

Blume-Tjon sextets and their corresponding sum is illustrated in Figure 4.7 which 

also shows the collapsing of the sextet lines with increasing relaxation rate. The 

observed changes in the magnetic features of the spectra with increase in  

temperature could be explained by spin-lattice relaxation of high spin Fe3+  weakly 
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coupled to the lattice as observed in oxides [150,151,152,153]. As discussed earlier, spin-

spin relaxation is ruled out due to the very low concentration of Fe ions (<10-4 at.%). 

 

Figure 4.7: Two Blume-Tjon sextets and their sum, FeMag, (in blue) shown in the central region of 

the emission Mössbauer spectra of 57Mn* implanted GaN at temperatures indicated. 

In general, the spin-lattice relaxation for Kramers’ ions can be expressed as                

τ-1  T n  where n = 1, 2, 5, 7, or 9 in distinct temperature regions [162].     
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Consequently, any one 

of the temperature 

dependences are 

expected in our case 

for Fe3+ with a 3d 5  

electric configuration. 

In an initial analysis, 

the variation of the 

relaxation rate with 

temperature was set as 

a free parameter and 

was observed to 

follow a T 2  dependence over the measured temperature range. It was restricted to 

follow this behaviour in the final analysis. The variation of the relaxation rate with 

temperature obtained in a simultaneous analysis of the data is presented in Figure 

4.8. The relaxation rates of Fe3+ were calculated using equation 4.3 and determined 

to be ~1.79×106 s-1 at 105 K and found to increase with temperature up to    

~8.57×107 s-1 at 726 K. The T 2  dependence of the paramagnetic relaxation is 

characteristic of a two-phonon Raman process which dominates at high 

temperatures.   

Figure 4.9 shows a plot 

of the trends in 

relaxation rates as a 

function of temperature 

obtained for GaN 

compared with those 

determined for α-Al2O3 

and      ZnO [151,153]. The 

temperature dependence 

of the relaxation rates in 

GaN was close to the 

behaviour observed in 

Figure 4.8: The temperature dependence of the spin-lattice 

relaxation rate of the Fe3+ paramagnetic state in GaN. 

Figure 4.9: A plot of relaxation rates as a function of 

temperature obtained for GaN compared with data from 

previous studies of oxides [153]. 
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α-Al2O3, while ZnO clearly showed an unexpected T 9  dependence in the measured 

temperature range [153]. 

4.1.1.3. Annealing Behaviour 

Figure 4.10 shows the variation of the area fractions of the spectral components 

with temperature.  

 

Figure 4.10: Areal fractions of spectral components as a function of temperature, observed in the 

Mössbauer spectra after implantation of 57Mn* into GaN. 

FeS shows a steady increase in the area fraction from 0% to ~12% with increasing 

temperature up to ~600 K and thereafter remains fairly constant up to the highest 

measured temperature of 726 K. This behaviour is characteristic of Fe probe atoms 

on substitutional III site (Fes), as observed previously [172,173] in other 57Mn* 

implantation studies.  

At the lowest measured temperature of 105 K, the spectrum is dominated by the 

FeC component assigned to Fe on near substitutional sites associated with vacancy 

related defects. FeC contributes ~78(1)% of the total area fraction with 16(1) % from 

the magnetic components due to high spin Fe3+ and the remaining fraction of 

~6(1)% from Fe atoms in amorphous zones.  
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In the temperature range of 100 K-500 K, a steady decrease in the area fractions of 

FeC and FeD is observed which is accompanied by a corresponding increase in the 

substitutional Fe fraction and minor increases in the magnetic contribution. The FeD 

component completely disappears below 500 K, indicating lattice recovery and 

incorporation of the corresponding Fe atoms at substitutional sites or in 

paramagnetic complexes. A relatively small contribution of Fe atoms in these 

isolated amorphous regions is observed in GaN compared to cubic III-V [172,173] 

where FeD dominated the spectra at equivalent temperatures. This result confirms 

the radiation hardness of GaN. Evidently, implantation with fluences in the order 

of ~1012 ions/cm2 does not induce intense formation of amorphous pockets in GaN 

compared with other cubic III-V compounds, such as GaAs, GaP and InP [177,173]. 

This observation is supported by earlier studies performed by Ronning et al. [107], 

who observed no amorphisation of the lattice structure in GaN and AlN after heavy 

ion implantation of 89Sr and 111In with fluence in the range (1-3)  1013 at./cm2. The 

presence of Fe atoms in amorphous zones is supported by the presence of the so-

called ‘random sites’ observed in emission channelling measurements [105]. These 

random sites consist of a combination of various unidentifiable lattice site 

configurations.  

A significant decrease in the population of FeC is evident in the range ~500-600 K. 

This agrees with positron annihilation results reported by Saarinen et al. [91,92], who 

attributed this behaviour to long-range mobility of Ga vacancies produced by              

2 MeV electron irradiation. The magnetic component shows a gradual increase in 

the area fraction to ~35 % at the highest measured temperature of 726 K.  
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4.1.2. Analysis and Results: AlN 

This section details the analysis and results of eMS measurement of Mn/Fe 

implanted AlN grown on a sapphire substrate. The spectra for AlN showed 

magnetic features on the wings and were fitted using a similar analysis model as 

GaN, with two sextets (BT1 and BT2) and three doublets (D1, D2 and D3). The 

central region of the spectra for AlN revealed different features at temperatures 

above room temperature and also displayed angular dependence in measurements 

on a narrow velocity scale of ±4.5 mm/s. 

The spectra measured at emission angles of 60o and 0o on the narrow velocity scale 

are presented in Figure 4.11. The 

spectra were fitted with two 

quadrupole split doublets which 

were restricted to follow the 

angular dependence discussed 

earlier. A scaling factor for the 

observed angle dependence of the 

two-segment quadrupole spilt 

doublet, Q = 0.25(2) was 

determined from the analysis 

based on equation 4.2, which is 

relatively higher than the value of 

0.08(1) obtained for GaN. The 

increase in the Q valued is 

indicative of the greater 

asymmetry of the two segment 

doublet. 

The differences in the structure for the central region of the spectra at the two 

measured angles are attributed to the angular dependence of both D1 (FeS) and D2 

(FeC) inferred from similar behaviour in GaN. This suggests that the probe ions 

represented by FeC are located on regular crystalline sites, as observed in GaN, 

however the anisotropy is more pronounced in AlN. Figure 4.12 shows the fitted 

Figure 4.11: 57Fe emission Mössbauer spectra obtained 

at 306 K after implantation of 57Mn* into AlN at 

emission angles indicated. 
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spectra for the entire temperature series and Table 4.2 lists the hyperfine parameters 

extracted for AlN at room temperature. 

 

Figure 4.12: 57Fe Mössbauer spectra obtained after 57Mn* implantation into AlN held at the 

temperatures indicated and θγ = 60o. 
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Table 4.2: Hyperfine parameters for Fe implanted in AlN obtained at room temperature. 

 D1 (FeS) D2 (FeC) D3 (FeD) BT1 BT2 

Bhf [T] - - - 47(2) 23(2) 

(mm/s) 0.51(2) 0.68(2) 0.56(3) -0.11(3) 0.18(3) 

Q/ϵQ (mm/s) -0.59(1) 1.53(2) 2.75(4) 0.33(4) 

 (mm/s) 0.34 0.68 0.48(3) 1.41(3) 

L (mm/s) 0.21(1) - 0.39(2) - - 

R (mm/s) - - 0.37(2) - - 

The observed linewidth of ~1.41(3) mm/s for the BT sextets is similar to that 

obtained for GaN. In addition to the natural linewidth of 0.50 mm/s, the broadened 

linewidths as in the case of GaN, can be explained in terms of the contributions 

from the inhomogeneity of the lattice surrounding the Fe probe atom in the sample, 

and/or Gaussian distribution of hyperfine fields.  

4.1.2.1. Lattice site location 

The hyperfine parameters of the substitutional component (FeS) for AlN were 

determined as δ = 0.51(2) mm/s and ΔEQ = -0.59(1) mm/s which are quite different 

to those obtained for GaN (δ = 0.25(2) mm/s and ΔEQ = -0.30(3) mm/s). The 

observed isomer shift of FeS for AlN is consistent with the value of 0.56 mm/s 

obtained for doublet D1 (ΔEQ = 0.68 mm/s) by Borowski et al. [109], from high 

fluence (in the order of 12 at.%.) implantation CEMS studies of AlN. These authors 

assigned D1 to Fe surrounded by 4N atoms in the hexagonal structure of AlN. This 

is consistent with our assignment of FeS in GaN for Fe atom which is incorporated 

on a pure substitutional site tetrahedrally coordinated with 4N nearest neighbours. 

As highlighted earlier in the case of GaN, a negative quadrupole splitting suggest 

that the right leg of an asymmetrical doublet is more intense than the left side at 

angles, θγ < 54.7o (i.e. the magic angle). This effect is clearly evident in Figure 4.11 

which shows a more intense right leg of the FeC component for the spectrum 

measured at θγ = 0o,  while a switch over is observed for the spectrum recorded at 

θγ = 60o. This is also apparent in the complete temperature series spectra for AlN 

presented in Figure 4.12. 
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4.1.2.2. Temperature dependence of hyperfine parameters in AlN   

A. Isomer shift 

The isomer shift of FeS was restricted to follow the second-order Doppler shift, 

while the average isomer shift for the distribution is approximately constant below 

room temperature. Above 306 K, the isomer shift of FeS decreases linearly with 

increasing temperature. The variation of the isomer shift values for the FeS and FeC 

components in AlN are depicted in Figure 4.13. 

 

Figure 4.13: Temperature dependence of the isomer shifts for FeC and FeS observed in the 

Mössbauer spectra for Fe implanted AlN. (The dotted line is to guide the eye) 

The drastic changes in the isomer shift of FeC at and above room temperature is 

indicative of changes in the bonding mechanism of Fe atoms on or near 

substitutional sites associated with vacancy related defects. This is tentatively 

attributed to an annealing stage and will be discussed further in this section. 

B. Quadrupole splitting 

The quadrupole splitting of FeC in AlN shows minor variations with increasing 

temperature compared to GaN as shown in Figure 4.14. At temperatures below     

306 K, there is a steady decrease in the quadrupole splitting values, and above        

306 K remains fairly constant up to the highest measured temperature of 726 K. 

Moreover, the steady decrease in the quadrupole splitting below room temperature 
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for the FeC component suggests minor changes in the lattice environment in the 

vicinity of the probe atoms, while the drastic changes in the isomer shift at and 

above 306 K suggest a change in the bonding mechanism. The non-varying 

quadrupole splitting with increasing temperature could be attributed to larger Fe 

probes occupying smaller Al lattice sites surrounded by neighbouring N atoms in 

closely packed environments. This is supported by differences in the spectra below 

and above 306 K (see Figure 4.12).  

 

Figure 4.14: Temperature dependence of the quadrupole splitting for FeC observed in the 

Mössbauer spectra for Fe implanted AlN compared with GaN. (The dotted line is to 

guide the eye). 

In AlN, FeD is characterised by a relatively high quadrupole splitting of             

~2.75(4) mm/s, an isomer shift of ~0.56(3) mm/s and a Voigt line shape with a 

linewidth of ~0.48(3) mm/s. 

C. Relaxation rates in AlN 

The semi-empirical model was employed to the analysis of the magnetic structure 

in AlN with two BT sextets as in GaN. However, during the analysis, allowing line 

broadening at each measured temperature as a free parameter did not yield 

meaningful results with physical significance and this was attributed to limited 

statistics of the AlN data. As a result, spin-lattice relaxation rate were allowed to 

follow a temperature dependence of ~T n , where n was fitted as a global parameter. 
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In the final analysis, a value of n = 2.1(4) was determined suggesting a two phonon 

Raman process in the measured temperature range. Figure 4.15 shows the zoomed 

in view of the AlN spectra highlighting the changes in the magnetic structure with 

increasing temperature. 

 

Figure 4.15: Two Blume-Tjon sextets (and their sum) showing the magnetic structure fitted for Fe 

implanted AlN spectra at the temperatures indicated. 
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The relaxation rates in AlN range from ~2.5×105 s-1 at 105 K to ~1.2×107 s-1 at     

726 K and  Figure 4.16 shows the T 2  temperature dependence of the spin-lattice 

relaxation rate of the Fe3+ paramagnetic state in AlN compared with trends in GaN, 

ZnO and -Al2O3.  

Figure 4.16:  A comparison of relaxation rate trends of GaN and AlN with previously studied  

oxides [153]. 

The observed relaxation rate for Fe3+ in AlN is lower than in GaN, suggesting that 

the energy transfer between the spin and lattice is much faster in GaN which could 

be attributed to stronger and shorter bonds in AlN. The relaxation rates for GaN, 

AlN and Al2O3 closely follows the expected T 2  temperature dependence as 

predicted by literature [158] for a Raman process at high temperatures (T ≥ θD/3), 

while ZnO shows an unexpected T 9  dependence which is unusual for a Raman 

process at these high temperatures, the physics behind this behaviour is still not yet 

fully understood [153]. 
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4.1.2.3. Area Fractions 

The variation of the area fraction with increasing temperature for all spectral 

components is illustrated in Figure 4.17.  

 

Figure 4.17:  Areal fractions of spectral components as a function of temperature, observed in the 

Mössbauer spectra for AlN after 57Mn* implantation 

At the lowest measured temperature of ~106 K, the spectra are dominated by FeC 

(~74%) assigned to Fe on near substitutional sites associated with vacancy related 

defects, with ~20% from the magnetic contribution (FeMag) while the remaining 

fraction of ~6% is due to Fe atoms in isolated amorphous zones (FeD).  

In the temperature range between 100 K and room temperature (306 K), the 

substitutional component increases by ~23 %. This increase is accompanied by a 

significant decrease in the area fractions for FeC (~12 %) and FeMag (~8 %) and 

minor changes in the FeD component. The increase in the site population of FeS is 

attributed to dissociation of impurity-vacancy complexes associated with FeC, 

mainly marked by an annealing stage at temperatures between 150 K and 260 K. In 

addition, the small decrease in the quadrupole splitting of FeC below room 
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temperature suggests lattice recovery in the vicinity of Fe probe atoms in regular 

crystalline sites coupled with vacancy type defects.  

At temperatures between 306 K and 420 K, the area fraction of the substitutional 

component increases by ~31% and then remains fairly constant up to the highest 

measured temperature of 726 K. The damage component disappears around 420 K 

while the magnetic contribution gradually increases from ~12% at temperatures 

above 306 K to ~40%, while an ~32 % decrease in the area fraction of the FeC 

component from ~62 % at room temperature to ~30 % at 726 K is evident. As 

highlighted earlier for GaN, the magnetic contribution is assigned to high spin Fe3+ 

located on the substitutional Ga site weakly coupled to the lattice, showing 

relaxation effects. The decrease in the site population of FeC is largely attributed to 

the dissociation of impurity-vacancy complexes coupled with the mobility of the 

resulting vacancies and Fe atoms moving towards purely substitutional sites. There 

is limited information in literature of the vacancy dissociation and mobility in AlN. 

Moreover, the drastic changes in the isomer shift occur with the same temperature 

range, affirming an annealing stage stemming from the breaking down of vacancy 

related complexes and motion of the resulting vacancies leading to changes in the 

bonding with the neighbouring lattice atoms. 
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4.1.3. Analysis and Results: InN 

Emission Mössbauer spectroscopy results obtained after 57Mn* implantation into n-

type InN, layer > 0.1 µm grown on Sapphire/GaN substrate are discussed in this 

section. The spectra shows no evidence of magnetic structure in the ‘wings’ on a 

wide velocity scale compared to GaN and AlN. A spectrum recorded at 304 K on a 

wide velocity scale is shown in Figure 4.18. The InN spectra were fitted with three 

doublets (D1, D2, and D3), similar components employed in analysing the central 

part of GaN and AlN spectra. 

 

Figure 4.18: 57Fe emission Mössbauer spectrum obtained at 310 K for InN after implantation of 
57Mn* at θγ = 60o. 

Similar lattice sites assignments were adopted, two quadrupole split doublets (i) Fe 

on purely substitutional III sites (FeS) and (ii) Fe atoms near substitutional sites but 

associated with vacancy type defects (FeC) and a third quadrupole split doublet 

assigned to Fe atoms in isolated amorphous zones (FeD).  

The spectra measured at emission angles of 0o and 60o are shown in Figure 4.19. A 

clear angular dependence is evident from visual inspection as shown by a slightly 

more intense left shoulder at 0o than at 60o and is supported by the asymmetry 

observed for FeC at 0o. The analysis yields a Q value of 0.07(1) for InN from 

equation 4.3 giving the scaled dependence of D2 (FeC). 
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Figure 4.19: 57Fe emission Mössbauer spectra obtained after implantation of 57Mn* into InN at      

304 K at and emission angles indicated.  

The hyperfine parameters of the fitted components are listed in Table 4.3. 

Table 4.3:  Hyperfine parameters extracted from the analysis of the InN spectrum recorded at 

310 K. 

Components D1 (FeS) D2 (FeC) D3 (FeD) 

(mm/s) 0.08(2) 0.32(2) 0.49(4) 

EQ (mm/s) 0.02(3) 0.84(1) 2.15(2) 

 (mm/s) 0.34 0.64 0.34 

L( (mm/s) 0.17(2) - 0.40(4) 

R() (mm/s) - - 0.30(3) 

            

4.1.3.1. Nature of Fe in InN 

Isomer shift values of 0.08(2) mm/s and 0.32(2) mm/s for FeS and FeC, respectively, 

were extracted from the analysis. These values suggest similar chemical nature for 

Fe dopants of covalently bonded Fe(III) on substitutional In sites and Fe2+ on or 

near substitutional site associated with a vacancy related defects. The absence of 

magnetic structure in eMS results of Fe implanted InN indicates that high spin Fe3+ 

is not present in the measured temperature range.  

The analysis model was sufficient to describe the data, the spectra for the complete 

temperature series are shown in Figure 4.20 which clearly shows no evidence of 

magnetic structure as compared to the data obtained for GaN and AlN.          
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Figure 4.20: 57Fe emission Mössbauer spectra obtained after implantation of 57Mn* into InN at the 

temperatures indicated and θγ = 60o.   
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4.1.3.2. Temperature dependence of hyperfine parameters 

The temperature dependence of the hyperfine parameters for InN is presented in 

Figures 4.21 and 4.22. The average isomer shift of FeC shows a trend close to the 

second order Doppler shift with increasing temperature, while the average 

quadrupole splitting of FeC shows a linear dependence (dotted line). 

 

Figure 4.21: Temperature dependence of the isomer shifts observed in the Mössbauer spectra for 
57Mn* implanted InN. (The dotted line is to guide the eye) 

 

Figure 4.22: Temperature dependence of the quadrupole splitting for FeC observed in the 

Mössbauer spectra for 57Mn* implanted III-nitrides. (The dotted line is to guide the 

eye). 
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4.1.3.3. Annealing Behaviour 

The relative area fractions of the fitted spectral components are presented in Figure 

4.23 as a function of temperature. 

 

Figure 4.23: Areal fractions of spectral components as a function of temperature as determined 

from the Mössbauer spectra of InN following 57Mn* implantation. 

At the lowest measured temperature of 105 K, ~91% of the spectrum is dominated 

by Fe atoms on near-substitutional sites associated with some vacancy type defects. 

The remaining fraction is attributed to small contributions from Fe atoms in isolated 

amorphous regions (~6%) and to substitutional Fe atoms (~3%). At temperatures 

below 240 K, the area fraction of FeC decreases slightly by ~8% and the purely 

substitutional fraction show a ~6% increases, while the area fraction of the damage 

component remains relatively constant.  

In the temperature range, 240-380 K, a significant increase of ~29% in the area 

fraction of FeS is accompanied by a decrease of ~25% in the intensity of FeC, which 

is largely attributed to the dissociation of impurity-vacancy complexes coupled with 

the mobility of the resulting vacancies and Fe atoms moving towards purely 

substitutional sites. A minor decrease (~2%) in the area fraction of FeD is observed 

around 260 K which remains fairly constant in this temperature range.  

The area contribution of FeD decreases to zero at temperatures between 380 K and 

500 K which is accompanied by a corresponding small increase of ~3% in the area 
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fraction of FeC. This is attributed to the recovery of the lattice in the vicinity of Fe 

probe atoms, with the dopants possibly moving from isolated amorphous zones 

towards near substitutional sites. The purely substitutional fraction remains 

constant in this temperature range.  

Above 500 K, there is ~17% increase in the population of FeS, resulting from Fe 

atoms in near substitutional sites and vacancy complexes probably moving to purely 

substitutional lattice sites as the vacancy complexes dissociate and the resulting 

vacancies become mobile. At the highest measured temperature of 723 K, 43(4) % 

of the Fe ions are located on near substitutional sites associated with vacancy type 

defects whilst the remaining 57(4) % probe atoms are on purely substitutional sites. 

4.1.4. Absence of interstitials in nitrides 

A significant fraction of recoil-produced Fe interstitials were expected in the nitride 

samples investigated in the present measurements, as reported previously in eMS 

studies of Mn/Fe implanted silicon [233], InP [173], GaAs and GaP [172] with an isomer 

shift ~1 mm/s. This is because a mean recoil energy of 40 eV is imparted to the Fe 

daughter atom in the 57Mn* →57Fe β-decay, which is expected to re-locate the 57Fe 

ions from the implanted 57Mn* sites into interstitial sites. Emission channelling 

results show that implanted Fe atoms in an as-implanted GaN sample were 

incorporated on substitutional sites whilst the remaining fraction was located on 

“random” sites [105], with no specific mention of Fe interstitials. On the other hand, 

interstitials were observed in GaN and AlN in EC studies with implantation of light 

radioactive ions, 8Li and 24Na. In their study, the authors observed a lattice site 

change of Na interstitials to substitutional in AlN but not in GaN after annealing at 

1073 K [107]. Thus, to displace an atom from the occupied substitutional site, the 

recoil energy should be greater than 40 eV. As highlighted in section 1.3.1 

inconsistent displacement energies of atoms mainly in GaN and AlN have been 

reported by different groups. Recent molecular dynamics results reported by Xiao 

and co-authors for GaN [64] in five main crystallographic directions in GaN 

estimated high average displacement energy values of Ed(Ga) = 73.2 eV and      

Ed(N) = 32.4 eV. On the other hand, Wendler [68] estimated displacement values of 

Ed(Al) = 18.8 eV and Ed(N) = 22 eV for AlN from a combination of RBS/C 
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experiments and SRIM based calculations. However, higher displacement energies 

would be expected in AlN since the Al-N bonds are relatively stronger than Ga-N 

in GaN. The absence of recoil produced interstitials would be expected in nitrides 

and could be explained by high displacement energies greater than 40 eV.  As a 

result, the substitutional lattice site is maintained by the majority of the 57Fe 

implanted ions. 

4.1.5. Summary of results in III-nitrides 

The spectra obtained for GaN and AlN revealed magnetic structure in the ‘wings’ 

of the spectra on a wide velocity scale of ±12 mm/s. This structure was analysed 

using the Blume-Tjon semi-empirical relaxation model [150] utilizing two sextets. 

The observed temperature-dependent magnetic effect is consistent with a slow spin-

lattice relaxation of paramagnetic Fe3+, as reported for  low fluence ( ≤10-12 cm-2) 

implanted oxide semiconductors [150,151,152,153], namely ZnO, MgO, and -Al2O3. 

The relaxation rate closely follows a T 2  temperature dependence, characteristic of 

a two-phonon Raman process. The spectra for InN showed no evidence of magnetic 

features which could be explained by the absence of Fe3+ (S=5/2) weakly coupled 

to the lattice in this material presumably on substitutional sites as observed in 

oxides. 

In all nitrides, measurements at emission angles of 60o and 0o on a narrow velocity 

range of ±4.5 mm/s shows angular dependence of the central part of the spectra. 

Two quadrupole split components consistent with the observed anisotropy were 

employed in the initial analysis. These were assigned to: (i) Fe atoms incorporated 

on pure substitutional III sub-lattice (FeS) tetrahedrally coordinated with 4 N nearest 

neighbours resulting from covalent bonding between the atoms, and (ii) Fe atoms 

on near substitutional sites associated with vacancy related defects (FeC). In 

addition, a third quadrupole split doublet (FeD) with a relatively small area 

contribution was required to give good fits and the lack of angular dependence is 

typical of implantation induced damage.  Moreover, the angular dependence of the 

FeC component observed demonstrate that Fe atoms are located close to regular 

crystalline sites and not in radiation induced damage zones. 
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The isomer shift of the substitutional component were consistence with the 

expected SOD shift while the quadrupole splitting showed minor variation with 

increasing temperature in all the materials. The isomer shift of FeC closely followed 

the second-order Doppler shift in GaN and InN, while significant variations are 

observed in AlN below and above 306 K signifying drastic changes in the bonding 

mechanism between the probe atoms and neighbouring lattice atoms. In GaN, the 

quadrupole splitting of FeC shows an exponential decrease with increasing 

temperature, while in InN a steady decrease is observed but in AlN a minor decrease 

is observed below 306 K, after which it remains fairly constant indicating minor 

changes in the local symmetry around the probe atoms. 

In GaN, A fairly significant decrease in the population of FeC is evident in the range, 

500-600 K which is attributed to long-range mobility of Ga vacancies. However, in 

AlN two major annealing stages are observed in the temperature ranges 160-260 K 

and above 306 K where drastic changes in the hyperfine parameters are evident. In 

InN there three distinct stages the temperature ranges, 105-240 K, 240-380 K and 

above 500 K. The multiple annealing stages in these materials are attributed to a 

combination of both the dissociation of Fe-vacancy complexes and mobility of the 

resulting vacancies and complete recovery of the lattice in implantation induced 

amorphous regions.  

In light of the high radiation sensitivity of InN compared to AlN and GaN, a 

significant contribution of implantation induced damage is expected. However, the 

fraction of the isolated amorphous zones determined in this work is ~6%. This 

observation is supported by emission channelling studies of 59Fe in GaN [105] where 

~20% of Fe atoms were attributed to random sites partly due to unidentifiable lattice 

site configurations which when compared to eMS a fraction of these atoms could 

be assigned to implantation induced damage.  

The recovery of the lattice for Fe probe atoms in isolated amorphous zones is 

observed above ~400 K in AlN and above ~500 K in GaN and AlN. The relatively 

small area contribution this component over the measured temperature range attests 

to the radiation hardness of these III-nitrides compared to cubic III-Vs. 
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4.2. Virgin ZnO and 56Fe pre-implanted ZnO 

In the midst of several reports with mixed reviews on the nature of magnetism in 

Fe doped ZnO, our collaboration has reported results on emission Mössbauer 

spectroscopy on virgin ZnO single crystals following 57Mn* implantation with a 

fluence of ~3×1012 ions/cm2. The absence of ordered magnetism in extremely dilute 

ZnO [151] was unequivocally proven through angle dependent measurements in the 

presence of an external magnetic field of 0.6 T. The emission Mössbauer spectra 

exhibited paramagnetism, resulting from Fe3+ weakly coupled to the lattice located 

on Zn substitutional sites, showing temperature dependent spin-lattice relaxation.  

The spin-lattice relaxation rates of Fe3+ in ZnO was found to follow an unusual T 9  

temperature dependence from measurements performed without an external 

magnetic field [153]. 

A typical room temperature (RT) emission Mössbauer spectrum for virgin ZnO 

single crystal obtained after implantation of 57Mn* is shown in Figure 4.24.  

 

Figure 4.24: Room temperature (305 K) emission Mössbauer spectrum obtained after implantation 

of 57Mn* into virgin ZnO. FeMag (Fe3+) represents the sum of the five BT sextets. 

The observed magnetic structure was analysed using the semi-empirical Blume-

Tjon [225] (BT) model described by Mølholt et al. [150] . In addition, the line 
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broadening (∆Γ) given by equation 4.3 is an important parameter of the BT model 

from which the relaxation time (τ-1) is extracted. In the final fitting procedure, the 

magnetic feature was fitted with five BT sextets and the central region of the 

spectrum was best described with two doublets attributed to Fe on regular 

crystalline sites (FeC) and Fe on interstitial sites (FeI).  

The hyperfine parameters obtained from the fit to the spectrum shown in            

Figure 4.24 are presented in Table 4.4. 

Table 4.4: Hyperfine parameters extracted from the analysis of the virgin ZnO spectrum measured 

at room temperature. 

Components FeC FeI FeMag
+ 

Bhf [T] - - 48.0 

 (mm/s) 0.90(2) 0.53 0.19(3) 

EQ /ϵQ (mm/s) -0.40(3) 0.85 0.12(2) 

 (mm/s) 0.17 0.50 0.63 

() (mm/s) 0.02(2) 0.01(1) - 

Area (%) 17(2) 12(1) 71(1) 

The thermal variation of the quadrupole splitting, EQ (T) for FeC was observed to 

follow Ingalls [191] prediction given by the simplified expression,  

0

Q Q,L at Q,V al
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( ) tanh
2

E
E T E E
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 
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,                          (4.4) 

where EQ,Lat is the contribution from non-cubic arrangement of lattice atoms, 

EQ,Val is the valence contribution resulting from Fe in z2 d orbitals, E0 is the splitting 

energy between the z2 and x2-y2 orbitals. A value of EQ,Lat = +0.12 mm/s was 

obtained using a quadrupole shift of high spin Fe3+ in ZnO [151] and  value of       

EQ,Val = -2.5 mm/s was obtained from Co/Fe implantation in ZnO [155]. However, 

for the interstitial component, EQ was observed to follow an exponential 

temperature dependence given by the equation, 
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where the fitting parameters T0, Q0, and E have values of 300 K, 0.85 mm/s, and 

841 K [153], respectively which was obtained from simultaneous analysis. The 

FWHM and  Gaussian 

broadening with the detector values 

subtracted.  

+ Parameters of the subsextet with the 

sharpest lines assumed for Sz = ±5/2. 
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isomer shift of the BT sextets, FeC and FeI were restricted to follow the second-

order Doppler shift with increasing temperature. The two doublets were assumed to 

have an angle dependence with the maximum value given by the intensity ratio 

(Iπ/Iσ) = 0.88 for an emission angle of 60o from equation 2.24. Angle dependent 

eMS measurements on virgin ZnO samples were undertaken in earlier studies of 

the collaboration [151] and were not repeated in the present study. The results were 

assumed to apply equally well to the samples herein investigated.  

In addition, to investigate the effect of fluence or increase in atomic concentration 

on the magnetic contribution and the resulting relaxation effects, three ZnO samples 

were pre-implanted with 56Fe ions with 60 keV energy to fluences of 81013, 51013 

and 21013 ions/cm2 corresponding to peak concentrations of 2.810-2, 1.810-2 and 

710-3 at.%, respectively. The implantation energy of 60 keV result in a peak 

concentration of 56Fe atoms at an implantation depth of ~27 nm. The implantation 

energy was chosen to match the energy of 50-60 keV used for 57Mn* implantation 

at ISOLDE to achieve overlapping depth profiles and range of atoms into the 

specimen during emission Mössbauer spectroscopy measurements. A similar 

analysis procedure and assignment of spectral components adopted for virgin ZnO 

was utilised for the pre-implanted samples.  

The Gaussian broadening for the FeC component for the ZnO sample implanted 

with 81013 ions/cm2 was fitted as a free parameter over the measured temperature 

range to obtain acceptable fits to the data. The other pre-implanted samples did not 

show significant changes with temperature, hence the Gaussian broadening was 

maintained as a global parameter. The emission Mössbauer spectra collected at 

temperatures between 300 and 720 K for the ZnO samples pre-implanted with 56Fe 

ions with fluences of 81013, 51013 and 21013 ions/cm2 following 57Mn* 

implantation are shown in Figure 4.25 indicated by the corresponding sample 

identifier assigned in chapter 3 namely, ZnO:56Fe8, ZnO:56Fe5, and ZnO:56Fe2, 

respectively. 
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Figure 4.25: 57Fe emission Mössbauer Spectra for ZnO pre-implanted with 56Fe at indicated fluences. 
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Table 4.5: Room temperature hyperfine parameters extracted for ZnO pre-implanted with 56Fe at indicated fluences. 

 

56Fe ZnO:56Fe8 (81013 ions/cm2) ZnO:56Fe5 (51013 ions/cm2) ZnO:56Fe2 (21013 ions/cm2) 

Components FeC FeI FeMag
+ FeC FeI FeMag

+ FeC FeI FeMag
+ 

Bhf [T] - - 46 (3) - - 47(2) - - 46(2) 

 (mm/s) 0.67(4) 0.50 0.18(2) 0.85(3) 0.50 0.19(3) 0.92(2) 0.50 0.19(2) 

EQ/ ϵQ (mm/s) -0.61(3) 0.85 0.12(3) -0.53(3) 0.85 0.12(2) -0.42(3) 0.85 0.12(1) 

*(mm/s) 0.17 0.50 1.02 0.17 0.50 1.02 0.17 0.50 1.02 

*() (mm/s) 0.30(2) 0.01(1) - 0.12(2) 0.05(3) - 0.22(3) 0.01(1) - 

E0 [meV] 11(3) - - 14(2) - - 15(1) - - 

 

FWHM and  Gaussian Broadening with the detector values subtracted.  

+ Parameters of the subsextet with the sharpest lines assumed for Sz = ±5/2. 
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4.2.1. Hyperfine interaction (HI) parameters 

The hyperfine parameters extracted at room temperature for the three pre-implanted 

samples are presented in Table 4.5. A quadrupole splitting value of -0.61 mm/s was 

obtained for FeC and a crystal field splitting value of E0 =16(1) meV was determined 

from equation 4.4 for the high fluence implanted sample (ZnO:56Fe8) using EQ,Lat 

and EQ,Val values of +0.12 mm/s and -2.5 mm/s, respectively, as reported by 

Gunnlaugsson et al. [155].  

For the ZnO sample implanted with a fluence of 51013 ions/cm2 (ZnO:56Fe5), a 

quadrupole splitting value (EQ) value of -0.56(3) mm/s for FeC is slightly less 

negative compared with the value of -0.61(3) mm/s obtained for the ZnO:56Fe8 

sample. The E0 value for this sample was determined to be 14(2) meV.   

An EQ value of -0.42(2) mm/s obtained for FeC for the ZnO:56Fe2 sample and this 

value is comparable to the value of -0.39(3) mm/s reported for virgin ZnO [151]. The 

resulting E0 value of 11(3) meV is comparable to the value of 10 meV reported for 

virgin ZnO [153] considering the relative large error. 

The EQ value of 0.85 mm/s for the interstitial component was obtained using 

equation 4.5 while the hyperfine parameters for FeMag are in good agreement with 

values of  δ = 0.19(1) mm/s and ϵQ ~ +0.12(1) mm/s reported by Gunnlaugsson and 

co-authors [151] for virgin ZnO. 

The decrease in the isomer shift values of FeC with increasing fluence attest to an 

increase in the s-electron density at the nucleus of the probe atoms which suggest 

strengthening of the bonds between the Fe atoms on crystalline sites and the 

surrounding lattice atoms. On the other hand, the increase in the value of the 

negative quadrupole splitting values with increasing fluence suggests a loss of 

symmetry at the nucleus of the Fe atoms, resulting from the increase in the number 

of atoms surrounding the probe atom in the crystalline sites. 
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4.2.2. Fluence dependence of crystal field splitting values for FeC. 

The fluence dependence of the E0 values is shown in Figure 4.25 compared with 

previous studies [234]. The data obtained from this work follows an approximately 

linear dependence as 

observed for other 

56Fe pre-implanted 

ZnO samples. As a 

result, it can be 

concluded that for 

fluences below 1013 

Fe ions/cm2, there are 

minor changes in the 

transition energies 

between the z2 and  

x2-y2  orbitals energy levels in the 3d orbitals of Fe2+. However, above                       

1013 ions/cm2, the crystal field splitting is observed to increase with increasing Fe 

fluence which follows the same trend observed for fluences >1014 ions/cm2 as 

reported in other studies shown in Figure 4.26. 

4.2.3. Properties of the magnetic component 

The area fractions 

extracted at room 

temperature for Fe3+ 

as a function of 

concentration 

compared with 

results obtained from 

other studies [234] are 

presented in Figure 

4.27. The area 

fraction of FeMag 

obtained for the three 

pre-implanted samples at RT is ~76% of the total spectral area. The results indicate 

Figure 4.26: A plot of E0 values as a function of fluence compared 

with other Mössbauer measurements. [Adapted from [234] ] 

Figure 4.27: Fluence dependence of the area fraction of Fe3+ at 

room temperature. [Adapted from [234]] 
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that the contribution of Fe3+ reaches a saturation for fluences in the range of            

1012 - 1014 ions/cm2. Thus for fluences below ~ 1012 ions/cm2, the Fe3+ state is not 

stable and the crystal can be ‘reset’ by annealing as reported by Naidoo et al [235]. 

Above ~1014 ions/cm2 spin-spin interaction occurs between the neighbouring probe 

atoms as the effective distance between the Fe probe atoms reduces with increasing 

concentration of dopants. This results in a gradual decrease in the magnetic 

contribution at fluences >1014 ions/cm2.  

4.2.4. Variation of relative area fraction with temperature 

The variation of the area fractions of the fitted spectral components for ZnO:56Fe8 

as a function of temperature is shown in Figure 4.28. 

 

Figure 4.28: Area fractions of the spectral components obtained from the analysis of the ZnO 

sample pre-implanted with 81013 ions/cm2 of 56Fe. 

At room temperature, the magnetic component contributes ~76(3)% of the spectral 

area, with the remaining fraction of ~23(2)% shared between FeC and FeI. Above 

RT, the magnetic fraction shows a 15(1)% increase which is accompanied by a 

corresponding decrease in the area fraction of FeC which decreases to zero around 

477 K. A similar effect was observed for virgin ZnO in similar experiments [154,153]. 

However, the area fraction of FeI is fairly constant at temperatures below 500 K. 

The transformation of Fe3+ to Fe2+ is evident above 500 K, resulting in the spectra 

being completely dominated by Fe2+. This is accompanied by corresponding 
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decrease in the area fraction of the paramagnetic Fe3+ component that disappears 

completely at the highest measured temperature of 720 K. This observation can be 

attributed to spin-spin relaxation processes which are prominent in this temperature 

range. Thus, at high temperatures the dissociation of impurity-vacancy complexes 

and mobility of vacancies reduce the effective distance between neighbouring ions 

and hence spin-spin interaction becomes effective resulting in the disappearance of 

the magnetic structure due to the paramagnetic Fe3+. Moreover, the collapse of the 

magnetic hyperfine structure due to fast relaxation times occurring at high 

temperatures cannot be eliminated. The interstitial fraction decreases to zero above 

600 K. 

The temperature dependence of the area fractions of the spectral components for 

ZnO:56Fe5 is presented in Figure 4.29.   

 

Figure 4.29: Area fractions of spectral components obtained from the analysis of the ZnO sample 

pre-implanted with 51013 ions/cm2 of 56Fe. 

At room temperature, the magnetic structure contributes ~77(2) % of the spectral 

areal, whilst the interstitial component contributes ~17(1)% and the remaining 

fraction of ~8(1)% to Fe on crystalline sites. The magnetic component increases 

with increasing temperature to a maximum of ~90(1)% around 530 K and decreases 

by ~10(1)% at the highest measured temperature of 569 K. The site population of 

Fe on interstitial sites decreases slightly over the measured temperature range, 

which is expected since they are recoil produced during the implantation process. 
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The area fraction of FeC approaches ~1% around 477 K then increases to ~10(1)% 

at the highest measured temperature of 569 K. 

The 57Fe emission spectra for the ZnO:56Fe2 recorded after 57Mn* implantation with 

the samples held at temperatures of 303 K and 358 K is shown in Figure 4.25. A 

diagram for the temperature dependence of relative area fractions of the spectral 

components is not included because of only two data points. At 303 K, the magnetic 

component contributes ~75(2)% of the spectral area with minor contributions of 

~18(1)% and ~7(1)% from the interstitial component and crystalline fraction 

respectively. The area fraction of the magnetic component increases to ~90(2)% in 

is observed at 358 K which is accompanied by corresponding decreases in the site 

populations of the other two components resulting in a combined contribution of 

~10(1)%.  

4.2.5. Relaxation Rates 

Generally, it is expected that the spin lattice relaxation rate increases with 

increasing temperature because the time required for energy transfer between lattice 

vibrations and the electron spin decreases [196]. The relaxation rates obtained from 

this study are shown in Figure 4.30 and are compared with those reported for virgin 

ZnO and other oxides [153]. 

 

Figure 4.30: Relaxation rates of the pre-implanted ZnO samples as a function of indicated fluence 

compared with trends in virgin ZnO and α-Al2O3. [Adapted from Mølholt et al. [153]] 
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The relaxation rates derived from the analysis of the three pre-implanted samples 

increases with increasing fluence at equivalent temperatures. This is attributed to 

the increase in the spin density, which enhances spin-lattice interactions and hence 

the rate of energy transfer. In addition, our results for the pre-implanted ZnO 

samples indicate a transition in the relaxation rates from T9 to a presumably T2, 

however, for other pre-implanted samples [236] non-temperature relaxation rates 

were observed with increasing fluence. This suggests onset of spin-spin interaction 

as the effective distance between neighbouring Fe atoms decreases with increase in 

the Fe concentration.  

4.2.6. Summary of Results in 56Fe pre-implanted ZnO 

An increase in the relaxation rates for the three pre-implanted samples is observed 

with increasing fluence at corresponding temperatures. This is due to enhanced 

spin-lattice interactions induced by the increasing spin density resulting from an 

increase in the concentration of Fe atoms. The spin-lattice relaxation rates show a 

transition to non-temperature dependent relaxation rates from the unexpected T9 

dependence in virgin ZnO with increasing fluence suggesting that an increase in 

fluence favours the onset on spin-spin relaxation.  

At room temperature, the area fraction of the magnetic component (FeMag) for the 

pre-implanted samples constitutes ~75% of the spectral area and shows no fluence 

dependence. The area fraction of FeC approaches ~1% and zero for the samples pre-

implanted with 51013 ions/cm2 and 81013 ions/cm2, respectively at 477 K. This 

effect was observed in ZnO virgin samples by Weyer et al. [154] and                     

Mølholt et al. [153] at similar temperatures.  

The presence of the damage component has been observed in other studies [234]with 

fluences above 1014 ions.cm-2 resulting in lowering of the magnetic contribution. 

Moreover, the observed broadening of the FeC component for the ZnO:56Fe8 sample 

could be attributed to implantation induced damage building up in the vicinity of 

the Fe probe atoms located in crystalline sites. However, the possibility of a 

relatively small damage component in the form of isolated amorphous zones cannot 

be completely ruled out as it may be masked by the dominant magnetic component 

especially for the ZnO:56Fe8 sample.  
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4.3. ZnO samples implanted with box profile of 56Fe and 59Co 

4.3.1. ZnO:57Fe+56Fe 

4.3.1.1. Conversion Electron Mössbauer Spectroscopy (CEMS) studies 

Several CEMS studies on Fe implanted ZnO have been reported [116,118,169,117,130] 

where the resulting implantation profile is a Gaussian implantation profile. Thus, 

dopants are not uniformly distributed across the sample. In this study, as highlighted 

in section 3.3.3, multiple implantations using different energies were employed to 

achieve homogenous distribution of Fe impurities to a depth of about 200 nm from 

the surface of the sample. CEMS measurements were performed at room 

temperature on the as-implanted sample and after annealing for 30 minutes in a 

vacuum (with pressure < 10-6 mbar) at temperatures of 773 K and 973 K. 

A. Analysis, Results and Discussion 

The room temperature conversion 

electron Mössbauer spectra for the 

as-implanted ZnO sample and 

after annealing at 773 K are shown 

in Figure 4.31. The sample was 

implanted with 57Fe and 56Fe with 

fluences of 5×1015 ions/cm2 and 

4.58×1016 ions/cm2, respectively 

resulting in a total iron 

concentration of ~2.5 at.%. The 

spectra were analysed with three 

doublets; D1, D2, and D3. The 

extracted hyperfine parameters 

with their corresponding line 

assignments are listed in Table 

4.6, where the isomer shifts are 

given with respect to α-Fe at room 

temperature. Figure 4.31: CEMS spectra for as-implanted 

ZnO:57Fe+56Fe sample and after annealing at 773 K 
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Table 4.6: Hyperfine parameters, Gaussian broadeningand area fractions of fitted spectral 

components for the as-implanted ZnO:57Fe+56Fe sample and after annealing at   

773 K. 

TA (K)   (mm/s) EQ (mm/s) ) (mm/s) Area (%) 

As-implanted D1 (Fe3+) 0.41(2) 0.25(2) 0.10(1) 28(1) 

 D2(Fe2+) 0.96(2) -0.79(2) 0.11(2) 45(2) 

 D3 (FeD) 0.71(1) 1.58(1) 0.20(1) 27(1) 

773 D1 (Fe3+) 0.57(1) 0.25(2) 0.10(1) 43(2) 

 D2(Fe2+) 0.98(2) -0.60(1) 0.11(2) 23(1) 

 D3 (FeD) 0.53(1) 1.49(1) 0.20(1) 34(1) 

The spectrum for the as-implanted ZnO:57Fe+56Fe sample shows that a significant 

area fraction of ~27% is attributed to probe atoms located in implantation induced 

defect regions (FeD) as reflected by the relatively high quadrupole splitting of 

1.58(1) mm/s. In addition, the spectral components, D1 and D2 are characteristic of 

Fe3+ and Fe2+ on regular crystalline or substitutional Zn sites were utilised. Similar 

line assignments were reported by Potzger et al. [116], for ZnO single crystal 

implanted with 57Fe at 623 K using an energy of 180 keV and fluence of              

4×1016 ion/cm2.  

The quadrupole splitting for D2 was determined as -0.79(2) mm/s and such a 

negative quadrupole splitting of Fe2+ on crystalline sites has been reported by 

Gunnlaugsson et al. [155]. This result indicates that the valence contribution to the 

EFG is more negative compare to the lattice contribution which could be explained 

by the fact that Fe2+ may be in an “almost” tetrahedral symmetry, the x2-y2 and z2 

orbitals are at lowest energy. As z2 gives a negative contribution to VZZ,
 [191] it must 

have lower energy. This is expected from the wurtzite structure, as the tetrahedral 

symmetry is slightly elongated along the z-direction. As a result, the z2 orbital is 

expected to be more populated than the x2-y2 orbital. 

Significant spectral changes are observed after annealing the ZnO:57Fe+56Fe sample 

at 773 K and this is accompanied an increase in the Fe3+/Fe2+ ratio. This result 

suggests that annealing favours the conversion of ferrous Fe to ferric Fe and is in 

agreement with the observation reported by Potzger et al. [116]. 

Furthermore, after annealing the sample at 973 K the spectrum displays drastic 

changes, yielding a very strong asymmetric magnetic structure suggesting a 
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contribution from Fe in different bonding environments with a total spectral area of 

~52% (See Figure 4.32).  

 

Figure 4.32: CEMS spectra for ZnO:57Fe+56Fe obtained after annealing at 973 K and 1173 K. 

The magnetic feature observed at 973 K was analysed with three Lorentzian sextets 

(SX1, SX2 and SX3) with the intensities of lines 2 and 5 allowed to vary. In addition 

to sextets and the component due to implantation induced damage, a new 

quadrupole split doublet D4 was required to obtain acceptable fits to the data. The 

hyperfine parameters of the spectral components are listed in Table 4.7.  

Table 4.7: Hyperfine parameters, Gaussian broadening and area fractions of the fitted spectral 

components for the ZnO:57Fe+56Fe sample after annealing at 973 K and 1173 K. 

TA (K)   

(mm/s) 

EQ 

(mm/s) 
ϵQ 

(mm/s)+

) 

(mm/s) 

Area (%) Bhf (T) 

973  D3 0.56(1) 1.84(2) - 0.20 5(2) - 

 SX1 0.28(2) - 0.01(1) - 23(2) 43.8(4) 

 SX2 0.56(2 - -0.09(2) - 13(3) 37.7(3) 

 SX3 0.32(2) - 0.22(1) - 18(2) 24.0(4) 

 D4 0.35(1) 0.64(2) - 0.30 41(2) - 

1173 D3 0.55(2) 1.54(2) - 0.20 22(2) - 

 D5 0.77(3) -0.80(2) - 0.11 18(3) - 

 D6 0.74(2) 0.13(3) - 0.15 60(2) - 

+ ϵQ-quadrupole shift of the sextets 
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The three sextets may be attributed to Fe3+ in different orthorhombic sites of ε-

Fe2O3 phase which has been reported by several authors [237,238,239,240,241]. ε-Fe2O3 is 

a rare polymorph of iron (III) oxide which exist as nanoparticles [241]; there exist 

four distinct cation positions (Fe1, Fe2, Fe3 and Fe4)
 [240,242] in the orthorhombic 

crystal structure where Fe4 is tetrahedrally coordinated, Fe3 is a regular octahedral 

site while Fe1 and Fe2 are distorted octahedral sites with similar hyperfine 

parameters [243]. The hyperfine parameters of  = 0.28(2) mm/s, quadrupole shift 

(ϵQ) = 0.01(1) mm/s and magnetic hyperfine field of ~43.8(5) T for SX1 are 

indicative of Fe3+ in distorted octahedral environments characteristic of either Fe1 

and Fe2 as was observed by Lancok et al. [240] who obtained magnetic hyperfine 

fields in the range, 43.1-44.6 T. On the other hand, a similar Bhf value was reported 

by Ligenza et al. [244] for Fe3+ which the authors attributed to the ions in octahedral 

B sites in the ZnFe2O4 powder measured in transmission geometry at 4.2 K. 

However, from room temperature CEMS studies of Fe implanted ZnO [117], 

secondary phases such as ZnFe2O4 were formed after annealing at 800oC 

represented by a doublet due superparamagnetic effects without magnetic sextets in 

the spectrum. SX2 is characterised by = 0.56(2) mm/s, ϵQ = -0.09(2) mm/s and Bhf 

~37.7(3) T and is assigned to Fe3+ on a regular octahedral site (Fe3). The hyperfine 

parameters for SX3 are Bhf ~24.0(4) T,  = 0.32(2) mm/s and ϵQ = 0.22(1) mm/s 

which are characteristic of the regular tetrahedral site (Fe4). The obtained hyperfine 

fields for Fe3 and Fe4 are in good agreement with values of ~38 T and ~25 T, 

respectively which have been reported by several authors [240,242,239]. In this study, 

the prominent magnetic feature which is apparent after annealing the sample at 973 

K is attributed to nanoparticles in the form of ε-Fe2O3. The total Fe concentration 

in the ZnO:57Fe+56Fe sample is ~2.5 at.%, which eliminates the presence of 

secondary phases and micro-precipitates that have been reported for Fe implanted 

ZnO [117,118] and also by Schumm et al. [133] who performed Raman spectroscopy 

measurements on ZnO implanted with Mn concentrations ≥ 8 at.%.  

The new broadened quadrupole spilt doublet (D4) contributing ~57% of the spectral 

area with hyperfine parameters of D4 was determined as  = 0.35(1) mm/s and    

EQ = 0.64(2) mm/s suggest that Fe ion in a 3+ state in the β-Fe2O3
 [238], also a rare 
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phase of iron(III) oxide which only exist as nanoparticle. The lower isomer shift 

value of D4 compared to the values of 0.41(2) mm/s and 0.57(1) mm/s obtained for 

D1 from measurements on the as-implanted sample and after annealing at 773 K, 

respectively, indicate an increase in the s-electron density at the nuclei of Fe atoms 

suggesting strengthening of bonds between Fe and neighbouring atoms. The high 

quadrupole splitting of 0.64(1) mm/s for D4 compared to 0.25(2) mm/s obtained 

for D1 for the as-implanted sample implies a loss of symmetry around the probe 

atoms indicating disturbed surrounding environments.  

After annealing the sample at 1173 K, the magnetic structure completely disappears 

and the spectrum consists of implantation induced damage (D3), and two new 

quadrupole split doublets, D5 and D6. The spectral component D5 has similar 

hyperfine parameters as D1 obtained for the as-implanted sample which is 

characteristic of Fe2+. The isomer shift value of 0.74(3) mm/s determined for D6 

also suggest Fe2+ in a superparamagnetic/paramagnetic state.   

4.3.1.2. VSM studies 

The observation of a relatively strong magnetic interaction in the vicinity of Fe 

probe atoms in CEMS measurements after annealing the sample at 973 K prompted 

investigation of the magnetic properties of the bulk material. Subsequently, 

magnetisation measurements using a vibrating sample magnetometer were carried 

out as a function of applied field (±1T) at temperatures of 293 K and 4 K at iThemba 

LABS, Cape Town.  

A. Analysis of VSM Data 

Virgin ZnO crystals exhibit diamagnetic behaviour both at 4 K and 293 K, therefore 

such measurements were performed and used as references. The M(H) curves for 

virgin ZnO samples obtained at both temperatures are shown in Figure 4.33. Good 

fits to the data were achieved with 7th and 9th order polynomials for the 

magnetisation curves obtained at 4 K and 293 K, respectively. The polynomials (as 

shown in blue) were used to subtract the diamagnetic component from the 

magnetisation curves of the implanted and annealed sample. 
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Figure 4.33: Magnetisation curves for the virgin ZnO sample measured at temperatures of 4 K and 

293 K and fitted with 7th and 9th order polynomials, respectively. 

B. Results and Discussion 

The study of magnetic properties of the ZnO:57Fe+56Fe sample after annealing at 

973 K were performed using a vibrating sample magnetometer and results of the 

magnetic moment measurements are shown in Figure 4.34 as a function of magnetic 

field. 

 

Figure 4.34:  Magnetisation curves of ZnO:57Fe+56Fe measured at 4 K and 293 K after annealing 

at 973 K. 

 The sample shows strong signatures of ferromagnetic behaviour as is evident by 

the presence of hysteresis loops at both temperatures. The diamagnetic component 

was subtracted in order to obtain information on the magnetic properties of the Fe 

impurities in ZnO. The magnetisation curve measured at 293 K gives a saturation 
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magnetic moment of ~5.810-4 emu/g with a very small coercive field of ~0.02 T 

as observed from a separation between the magnetisation and demagnetisation 

curves. However, field reversal measurements at 4 K reveals a very strong 

ferromagnetic behaviour with a saturation magnetisation of ~9.210-4 emu/g and 

also a relatively large coercive field of ~0.08 T, resulting in the larger separation 

between the positive and negative legs of the hysteresis loop. In addition, at 4 K, 

the sample is also characterised by a remanent magnetisation of ~5.710-4 emu/g, 

which account for ~62% of the saturation magnetisation. At lower temperatures, 

relatively large values for the coercive field, remanent magnetisation and saturation 

magnetisation are expected because spin orientation is less affected by the thermal 

vibrations compared to room temperature which is consistent with Curie’s law.   

4.3.2. ZnO:57Fe+59Co  

4.3.2.1. CEMS Results 

A second box profile ZnO sample was 

prepared using 59Co instead of 56Fe 

(ZnO:57Fe+59Co) in order to investigate 

the effect of a different transition element 

on the magnetic properties. Implantation 

energies were chosen to achieve a similar 

homogeneous distribution of dopants to a 

depth of approximately 200 nm. Figure 

4.35 presents room temperature CEMS 

spectra for the as-implanted ZnO: 

57Fe+59Co sample and after annealing at 

indicated temperatures. 

The data were fitted with three doublets 

similar to the approach adopted for the 

ZnO:57Fe+56Fe sample. The extracted 

hyperfine parameters of the fitted spectral 

components with assignments are listed in 

Table 4.8. The isomer shifts are given with respect to α-Fe at RT.  

Figure 4.35: Room temperature CEMS 

spectra for the as-implanted ZnO:57Fe+59Co 

sample and after annealing at 773 K and  

973 K. 
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Table 4.8: Hyperfine parameters, Gaussian broadening and area fractions of the fitted spectral 

components for the ZnO:57Fe+59Co sample. 

TA (K) Components  (mm/s) EQ (mm/s)  (mm/s) Area (%) 

As-Implanted D1 (Fe3+) 0.43(1) 0.25(1) 0.12(1) 27(1) 

 D2 (Fe2+) 1.00(1) -0.93(2) 0.13(1) 30(2) 

 D3 (FeD) 0.75(2) 1.46(1) 0.27(2) 43(2) 

773 D1 (Fe3+) 0.47(1) 0.25(2) 0.12(1) 35(1) 

 D2 (Fe2+) 0.98(1) -0.66(2) 0.07(1) 38(1) 

 D3 (FeD) 0.75(2) 1.74(1) 0.27(2) 28(2) 

973 D1 (Fe3+) 0.56(1) 0.23(1) 0.12(1) 25(1) 

 D4 (Fe3+) 0.34(1) 0.88(1) 0.10(1) 57(2) 

 D3 (FeD) 0.40(1) 1.29(2) 0.27(1) 18(1) 

The as-implanted spectrum is dominated by doublet D3 assigned to Fe in defect 

sites in the ZnO crystal lattice contributing ~43(2)% of the spectral area. The 

hyperfine parameters of D3 are characteristic of Fe2+. Moreover, the spectral 

component D2 has an isomer shift of = 1.00(1) mm/s which is also typical of Fe2+, 

while D1 has an isomer shift,  = 0.43(1) mm/s and a quadrupole splitting of          

EQ = 0.25(1) mm/s which is typical of Fe3+ on regular lattice sites. 

After annealing the sample at 773 K, the area fraction of the damage component 

(D3) decreases to ~28(2) %, while corresponding increases of ~8% are observed 

for both D1 and D2. At this annealing temperature, no significant change in the 

Fe3+/Fe2+ ratio was observed. 

After annealing the sample at 973 K, no magnetic features are observed. However 

a change in the asymmetry of the spectrum is evident, with the right leg being more 

intense than the left leg. A similar behaviour was observed in ZnO samples 

implanted with 57Fe to fluences of 4 at.% and 8 at.% [245]. At this annealing 

temperature, doublet D2 which is attributed to Fe2+ on crystalline regular sites 

disappears, a similar observation was evident for the ZnO:57Fe+56Fe sample. A new 

quadrupole split doublet, D4 with an area contribution of ~57% is clearly visible in 

the spectrum. The hyperfine parameters of D4 were extracted as  = 0.34(1) mm/s 

and EQ = 0.88(1) mm/s characteristic of Fe3+ in the β-Fe2O3
 [241,239]

 where Fe3+ ions 

are located at non-equivalent octahedral sites in a body-centred cubic structure. At 

this annealing temperature, the spectrum is dominated by Fe3+ in different 
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environments as reflected by the different hyperfine parameters of D1 and D4, with 

the remaining fraction of ~18(1)% in implantation induced damage regions. The 

absence of magnetic features in Mössbauer spectroscopy suggests that the absence 

of ε-Fe2O3 which could be attributed to the low Fe concentration (0.5 at.%) in this 

sample limiting the interaction with neighbouring lattice atoms and hence formation 

of ε-Fe2O3 nanoparticles. The absence of magnetic structure in CEMS 

measurements after annealing the sample at 973 K did not warrant any 

magnetisation measurements. However, this does not rule out the magnetic 

interaction between Co and O atoms, since the presence of Co3O4 complexes has 

been suggested by Matei et al. [131] and also the formation of small metallic Co 

clusters upon annealing at 550oC has been reported [246] for ZnO doped with                 

≤ 5 at.% of Co. 

4.3.3. Summary of results in box profile implanted ZnO samples 

Room temperature conversion electron Mössbauer spectroscopy measurements on 

ZnO samples with a box implantation profile; ZnO:57Fe+56Fe and ZnO:57Fe+59Co 

with total concentrations of ~2.5 at.% were carried out on the as-implanted samples 

and after annealing up to 973 K. The spectra for the as-implanted samples were 

analysed with three doublets, one doublet attributed to Fe on implantation induced 

damage (FeD) with the other two assigned to Fe2+ and Fe3+ on substitutional Zn sites 

or regular crystalline lattice sites. 

Significant spectral changes are observed after annealing the ZnO:57Fe+56Fe sample 

at 773 K resulting in an increase in the Fe3+/Fe2+ ratio. For a similar measurement 

on the ZnO:57Fe+59Co sample, this ratio remained fairly constant however a 

significant decrease in the area fraction of the spectral component assigned to 

implantation induced damage is observed as compared to the former case. The 

increase in the Fe charge ratio with annealing temperature suggests that heat 

treatment favours the oxidation or charge transfer from Fe2+ to Fe3+. 

After annealing the ZnO:57Fe+56Fe sample at 973 K, a strong magnetic feature is 

observed and was analysed with three Lorentzian sextets with signatures of Fe3+ in 

ε-Fe2O3 phase located on: (i) distorted octahedral site (Fe1/Fe2), (ii) regular 

octahedral site (Fe3) and (iii) regular tetrahedral sites (Fe4). Zinc ferrite (ZnFe2O4) 
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is excluded because it is superparamagnetic at room temperature and yields a 

quadrupole split doublet in Mössbauer spectroscopy measurements. On the other 

hand, the spectrum for ZnO:57Fe+59Co did not show any magnetic structure, but a 

‘switch’ in the asymmetry of the spectrum was observed at the same temperature. 

This required a new quadrupole split component as observed in the ZnO:57Fe+56Fe, 

with hyperfine parameters typical of Fe3+ suggesting a β-Fe2O3 phase. However, 

the presence of ferrites such as ZnxFe3-xO4, ZnxFe2-xO3, or any other highly defective 

ferric oxide cannot be completely ruled out as a range of nanoparticle size could 

exist in the sample. The complete disappearance of the magnetic structure after 

annealing at 1173 K suggests that the oxide formed upon annealing at 973 K can be 

destabilised at relatively high annealing temperatures (1173 K).  

In light of the magnetic structure detected in the Mössbauer measurements on the 

ZnO:57Fe+56Fe sample, magnetic characterisation investigations were conducted 

using a vibrating sample magnetometer at 4 K and 293 K. This sample showed a 

strong ferromagnetic signal at 4 K with a coercive field of about ~0.08 T and 

remanent magnetisation which is ~62% of the measured saturation magnetisation 

of ~9.210-4 emu/g. A field reversal measurement at room temperature (293 K) 

showed a relatively small hysteresis loop with a coercive field of ~0.02 T and 

remanent magnetisation of ~2.010-4 emu/g, which is ~34% of the saturation 

magnetisation.  

4.4. Overview of Results 

This chapter has presented the data analysis and discussion of results. The major 

findings are highlighted in the summary below: 

 Paramagnetic behaviour is observed from emission Mössbauer investigations in 

GaN, AlN and 56Fe pre-implanted ZnO samples implanted 57Fe with fluences 

of ~3×1012 ions/cm2 via the decay of 57Mn*. The paramagnetic effect stems from 

the presence of high spin Fe3+ weakly coupled to the lattice which shows spin-

lattice relaxation effects. 

 The temperature dependent spin-lattice relaxation rates were obtained from a 

semi-empirical model utilizing Blume-Tjon sextets which approximately 
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follows a T 2  temperature dependence, characteristic of a two-phonon Raman 

process in GaN and AlN.  

 No magnetic structure is observed in the spectra for InN, which could be 

explained by the absence of high spin Fe3+.  

 The anisotropy of the central region of the spectra for all nitrides at emission 

angles of ( ) of 0o and 60o and the corresponding extracted hyperfine 

parameters suggest that Fe probe atoms located in regular crystalline sites are 

assigned to; (i) covalently bonded Fe (III) on purely substitutional III sublattice 

tetrahedrally coordinated with four N atoms (FeS) and (ii) the majority to the 

Fe2+ configuration on or near substitutional sites associated with vacancy type 

defects.  This confirms that majority of the probe atoms are located on 

substitutional III sites and/or slightly displaced around the lattice site.  

 In nitrides, a relatively small fraction of Fe atoms are observed to be located in 

implantation induced isolated amorphous zones (FeD) and lattice recovery in 

these regions occurred at temperatures between 400 and 500 K. In addition, the 

absence of anisotropy of FeD attests that the probe atoms are located in isolated 

amorphous or damage regions. This result confirms the radiation hardness of 

III-nitrides compared to cubic III-Vs where the implantation induced damage 

dominated the spectra over the measured temperature range in similar 

measurements. 

 Different annealing stages are observed in nitrides marked by a decrease in the 

spectral area contributions of FeC. In GaN, a significant change in the area 

fraction is apparent in the temperature range, 500-600 K and is attributed to 

long-range mobility of Ga vacancies. In the case of AlN, two annealing stages 

are evident in the temperature ranges, 150-260 K and T ≥ 306 K, whilst for InN 

similar stages were observed in the range, 240-380 K and above 500 K which 

could be explained by a dissociation of impurity-vacancy related defects 

coupled with mobility of the resulting vacancies and Fe probes moving towards 

pure substitutional sites. A small increase in the contribution of FeC in InN 

around 470 K results from the lattice recovery of Fe atoms in isolated 

amorphous zones.  
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 The absence of recoil produced interstitials in nitrides is tentatively attributed 

to displacement energies greater than the average recoil energy 40 eV given to 

57Fe in the 57Mn* β-decay. As a result the daughter 57Fe remains on the 

substitutional lattice site originally occupied by 57Mn* upon implantation. 

 The spin–lattice relaxation rates of Fe3+ in the 56Fe pre-implanted ZnO samples 

increase with increasing fluence at equivalent temperatures. In addition, the 

increase in fluence is accompanied by a transition from T 9  to non-temperature 

dependent relaxation rates suggesting the onset of spin-spin interactions. The 

contribution (~75%) of Fe3+ at room temperature for the pre-implanted ZnO 

samples saturates within the fluence range of 1013-1014 ions/cm2. 

 The central region of spectra obtained for the 56Fe pre-implanted ZnO samples 

was analysed and interpreted with two quadrupole split doublets assigned to 

Fe2+ on Zn sites (FeC) and recoil produced interstitial sites (FeI) in a similar way 

to previous studies in virgin ZnO. Moreover, the absence of implantation 

induced isolated amorphous regions in pre-implanted samples is attributed to 

the self-annealing tendency in ZnO during the implantation process for fluences 

below 1014 ions/cm2. 

 The as-implanted CEMS spectra for homogeneous implantation in ZnO with 

fluences of ~2.5 at.% did not show any magnetic features but were characterised 

with Fe in both 2+ and 3+ states and the remaining Fe fraction to implantation 

induced damage. An increase in the Fe3+/Fe2+ ratio is observed for the 

ZnO:57Fe+56Fe sample after annealing at 773 K while the ratio does not show 

significant change in the ZnO:57Fe+59Co sample. 

 A strong magnetic structure is evident in the spectrum of ZnO:57Fe+56Fe after 

annealing at 973 K resulting from the formation ε-Fe2O3 nanoparticles. 

Magnetisation curves obtained at 4 K and 293 K using VSM are characterised 

by ferromagnetic signals with coercive fields of ~0.08 T and ~0.02 T coupled 

with remanent magnetisation fields which are ~62% and ~34% of the saturation 

magnetisation, respectively. However, after annealing the sample at 1173 K, the 

magnetic feature completely disappears resulting in Fe2+ dominating the 

spectrum. 
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 The ZnO:57Fe+59Co sample did not reveal any magnetic behaviour after 

annealing at 973 K, but a “switch’ in the overall asymmetry of the spectrum 

could be explained by Fe3+ in different local environments as result of the heat 

treatment. The absence of any magnetic structure in the spectra for the 

ZnO:57Fe+59Co sample is attributed to the absence of ε-Fe2O3 because of low 

fluence (0.5 at.%) employed but does not rule out the presence of Co clusters 

and/or Co3O4 which are not detectable by 57Fe Mössbauer spectroscopy.  

 Room temperature conversion electron Mössbauer spectroscopy measurements 

for box profile implanted ZnO samples did not show any magnetic structure 

while emission Mössbauer spectroscopy measurements on extremely dilute 

systems reveal a dominant magnetic structure. This could be explained by spin-

spin interactions between neighbouring Fe atoms and/or the presence 

implantation induced damage due to higher fluences of implanted stable 

isotopes. 

Finally, an outlook and recommendation for further studies are proposed in the next 

chapter with concluding remarks. 
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Chapter 5  

Concluding Remarks 

Amid several controversial reports on the nature and origin of magnetism in doped 

semiconductors, emission Mössbauer spectroscopy results of extremely dilute Fe 

(~10-4 at.%) implanted GaN and AlN show that these materials exhibit magnetic 

features in the ‘wings’ of the spectra. This magnetic structure could be explained 

by the presence of paramagnetic Fe3+ with S=5/2 weakly coupled to the lattice. The 

observed spin-lattice relaxation with T 2  temperature dependent is typical of a two-

phonon Raman process which is expected in the measured temperature range. Spin-

spin interactions could be eliminated because the low fluences (~3×1012 ions/cm2) 

employed limit the effective distance between the neighbouring probe atoms and 

also prevent the formation of metallic clusters/precipitates. Moreover, InN did not 

reveal any magnetic behaviour and this could be explained by the absence of high 

spin Fe3+.  

Emission Mössbauer studies on nitrides using 57Co* prepared by surface ionisation 

at ISOLDE and implanted for offline home laboratory based measurements were 

initially proposed but were unsuccessful due to low yields in the prepared samples 

for two consecutive years. A minimum activity of ~3 μCi is required for a series of 

measurements in a year [247], however, the activity in the prepared samples was 

found to be ~0.016 μCi from gamma spectroscopy measurements. A relatively good 

beam was produced in 2010 and successful measurements were done on a prepared 

ZnO [155] sample. Future similar studies on nitrides are required as they will aid in 

investigating the behaviour and understanding of a different transition metal in 

these materials. In addition, future studies on (Al,Ga)N have been proposed for 

measurements at ISOLDE motivated by different spectral features and hyperfine 

parameters in GaN and AlN [248]. 

In 56Fe pre-implanted ZnO, similar results were observed as in earlier 

measurements on virgin ZnO [151], where paramagnetic Fe3+ (S=5/2) is responsible 

for the magnetic phenomenon, however, an increase in fluence favours temperature 
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independent spin-spin interactions. The contribution of Fe3+ at room temperature in 

all pre-implanted samples did not show any fluence dependence for the three 

fluences, while the crystal field splitting values followed an approximately linear 

trend with increasing fluence. However, more measurements in the fluence range 

1012-1015 ions/cm2 are required in addition to low temperature measurements for in 

depth studies of these effects. 

For Fe concentrations of the order of 2.5 at.% in ZnO with a homogenous 

distribution of ions to a depth of 200 nm, ferromagnetic behaviour is observed after 

annealing at 973 K and is attributed to the formation of nanoparticles of ε-Fe2O3. 

This is supported by hysteresis loops detected in magnetisation measurements using 

VSM with coercive fields of ~0.08 T at 4 K and ~0.02 T at 293 K. The 

corresponding remanent magnetisation fields measured are ~62% and ~34% of the 

saturation magnetisation at 4 and 293 K, respectively. However, the sample 

implanted with 59Co in place of 56Fe did not show any magnetic features, which 

could be limited by the element specificity of 57Fe Mössbauer spectroscopy since 

the presence of Co clusters and/or Co3O4 is envisaged. Furthermore, for a better 

understanding of the structural properties and magnetic character of Co and Fe in 

these samples, synchrotron techniques such as synchrotron X-ray diffraction (SR-

XRD) and X-ray magnetic circular dichroism (XMCD) would be good candidates 

for future investigations, coupled with high resolution transmission electron 

microscopy (HR-TEM). In addition, field cooled and zero-field cooled 

magnetisation measurements could also be used to ascertain the origin of hysteresis 

and distinguish between real ferromagnetic behaviour and other effects such as 

superparamagnetism or spin glass effects below a blocking temperature [249].   

Complementary vibrating sample magnetometer measurements were planned and 

are feasible on box profile implanted samples because of the relatively higher 

concentration of transition metals (~2.5 at.%); similar measurements may not be 

possible on the samples with extremely dilute doping (~10-4 at.%) as such 

concentrations are below the sensitivity limit of the magnetometer. Emission 

Mössbauer spectroscopy using short-lived radioactive isotopes is perhaps the most 
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viable option of probing the magnetic structure at these very low concentration 

levels (10-3-10-4 at. %).  

The central region in the spectra for all nitrides showed anisotropic behaviour 

typical of Fe probe atoms located on regular lattice sites. This region was analysed 

with two quadrupole split doublet consistent with the angular dependence assigned 

to covalently bonded Fe (III) on purely substitutional sites on the III sublattice and 

Fe2+ on or near substitutional sites associated with vacancy related defects. 

Moreover, a third asymmetric doublet only present below 500 K was also included 

and assigned to Fe in implantation induced isolated amorphous zones based on the 

absence of anisotropy. These materials revealed small area fraction (≤ 7%) of probe 

atoms in isolated damaged regions attesting to the radiation hardness of III nitrides 

compared to cubic III-V’s where this component dominated the spectra. The 

observation of angle dependence in the central region of the spectrum supports the 

argument that majority of the Fe probe ions are located on crystalline sites either 

pure substititutional or associated with vacancy related defects. Emission 

channelling results [105] confirm that the majority of the Fe probe ions are on 

substitutional sites in GaN. From similar experiments, heavy ions (119In and 89Sr) 

were found to be slightly displaced from the perfect substitutional site.  

In 56Fe pre-implanted ZnO, the central part of eMS spectra obtained using 57Mn* 

was analysed with two doublets assigned to Fe2+ on substitution Zn sites and also 

Fe atoms on interstitial sites similar to earlier virgin ZnO measurements. However, 

for stable implantation with a relatively higher fluence (~2.5 at.%), Fe in both 

charge states of 3+ and 2+ were located on regular crystalline sites and also in 

implantation induced damage. Heat treatment of the samples favoured the oxidation 

from ferrous to the ferric state, which dominates at the highest annealing 

temperature of 973 K, but damaged regions do not completely recover after 

annealing at this temperature. 

Vacancy related complexes associated with Fe atoms on or near substitutional sites 

seem to dissociate and become mobile at temperatures above ~400 K in nitrides. 

These vacancy complexes, their dissociation and resulting vacancies did not play 

an active role in the observed paramagnetic and spin-lattice relaxation effects.  
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The absence of recoil produced interstitials in nitrides is tentatively attributed to 

displacement energies larger than the mean recoil energy of 40 eV given to the 

daughter 57Fe in the β-decay of 57Mn*. Surprisingly, there is no consensus on 

reported threshold displacement values in literature in both nitrides and ZnO hence 

there is still a need for an effective determination of the Ed values both from theory 

and experiments. The absence of Fe on interstitial sites from this study is in 

agreement with emission channelling studies [105].  

In conclusion, paramagnetism has been observed in extremely dilute systems 

stemming from high spin Fe3+ weakly coupled to the lattice showing slow spin-

lattice relaxation. On the other hand, ferromagnetic behaviour is evident after 

annealing for implantation fluences in the range predicted by theory [19]. This is 

attributed to the formation of ‘unstable’ nanoparticles of ferric oxide and/or other 

zinc ferrites, which can be destabilised by further annealing at higher temperatures. 

In light of the results presented in this thesis and other work cited herein, 

observation of real carrier mediated dilute magnetic behaviour in these 

semiconductors which may persists at and above room temperature has not yet been 

realised since Dietl’s theoretical prediction more than a decade ago. The proposed 

potential practical applications in spintronic devices are still limited with the 

leading candidate, (Ga,Mn)As with a Tc ~185 K [29].      
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Appendix A: Basics on Magnetism 

A.1. Magnetism 

The origin of magnetism depends on spin motions of electrons, their orbital 

arrangements and how they interact with each other. In general, almost all materials 

are magnetic to some extent, the distinction stems from the fact that there exists 

very strong interactions between atomic magnetic moments while in others no 

collective interactions exist. As a result, there are different types or classes of 

magnetism, which can be best described by how materials respond in the presence 

of a magnetic field. The magnetic behaviour of materials can be classified within 

the five categories: diamagnetic, paramagnetic, ferrimagnetic, ferromagnetic or 

antiferromagnetic. However, there is need for a quantity that can describe a 

material’s magnetic response in an applied field. Magnetic susceptibility (χ) 

characterises the magnetic behaviour of a material through the relation 

                                                             0χM H ,                                                     (A. 1) 

where M is the magnetisation (or magnetic moment per unit volume) and H0 is the 

applied or external magnetic field.  

A.1.1. Classes of magnetic materials 

A.1.1.1. Diamagnetism 

Diamagnetism is observed in materials in which the atoms have no net magnetic 

moment, with all electron orbitals completely filled (i.e. without any unpaired 

electrons). Figures A.1 (a) and (b) show the lattice arrangement in crystalline and 

amorphous materials without a net magnetic moment from the atoms. In the 

presence of an external magnetic field, a magnetic flux is induced which counters 

the change in the applied field resulting in an anti-parallel magnetisation (i.e. 

negative magnetism). This is due to a non-cooperative behaviour between the 

orbiting electrons, as a result a negative and temperature independent susceptibility 

is observed for diamagnetic materials. The constant susceptibility with increasing 

temperature and the M(H) curve showing negative magnetisation for a diamagnetic 

material are illustrated in Figures A.1 (c) and (d), respectively. 
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Figure A.1: Diamagnetism: (a) Crystalline and (b) amorphous lattice showing atoms without net 

magnetic moments, (c) Temperature dependence of susceptibility and (d) Field 

dependence of magnetisation of a diamagnetic material. 

A.1.1.2. Paramagnetism 

Paramagnetism is characteristic of materials with atoms, molecules or ions that 

have partially filled orbitals with unpaired electrons resulting in a net magnetic 

moment. The lattice arrangements of atoms in both crystalline and amorphous 

structures are depicted in Figures A.2 (a) and (b), respectively, showing randomly 

oriented magnetic moments. 

 

Figure A.2: Paramagnetism: Spin lattice arrangements in (a) crystalline and (b) amorphous 

structures showing spins randomly oriented, (c) Temperature dependence of χ-1 (d) 

M(H) curve at different temperatures. 

An external magnetic field will induce a flux that tends to align the spins in the 

direction of the applied field. The induced magnetisation is proportional to the 

applied magnetic field and remains positive. Thus a positive magnetisation and in 

turn a positive susceptibility is observed in paramagnetic materials. However, the 

susceptibility decreases with increasing temperature. Figure A.2 (c) shows the 

thermal dependence of χ-1. It obeys the Curie-Weiss law given by the expression, 
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                                                                χ ,
c

C

T T



                                                (A.2) 

where C is the Curie constant and Tc is the Curie temperature. The magnetisation 

drops to zero when the external field is removed, because the thermal vibrations 

causes the spin to randomly orient. Figure A.2 (d) illustrates the magnetic behaviour 

of a paramagnetic material as a function of external magnetic field at different 

temperatures. Similar to diamagnetism, there is no cooperative interaction between 

the individual magnetic moments and thus no net magnetisation effects are 

observed.  

A.1.1.3. Ferrimagnetism 

Ferrimagnetism is most common in ionic compounds where opposing spin 

orientation results from the host ions on two different lattice sites. The resultant 

non-zero spontaneous magnetisation depends on which spin orientation has a 

stronger magnetisation with respect to the opposing orientation. The spin lattice 

arrangement is depicted in Figure A.3 (a) showing sub-lattices A and B with 

unequal opposing spins. An increase in the temperature influences the thermal 

motion of spins and brings about disorder in the spin arrangements. This results in 

completely randomly orientated spins at the Curie temperature, when the material 

becomes paramagnetic. The temperature dependence of both the reciprocal of the 

susceptibility and the spontaneous magnetism are shown in Figures A.3 (b) and (c) 

respectively, while the Figure A.3 (d) shows the effect of increasing the field on the 

magnetisation of a ferrimagnetic material at different temperatures. 

 

Figure A.3: Ferrimagnetism: (a) Spin lattice arrangement, (b) Temperature dependence of χ-1, (c) 

Variation of spontaneous magnetisation with temperature, (d) M(H) curve at different 

temperatures. 
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A.1.1.4. Ferromagnetism 

Ferromagnetism is the strongest type of magnetism and is associated with materials 

that exhibit spontaneous magnetisation stemming from the alignment of 

neighbouring magnetic moments in domains even in the absence of an applied 

magnetic field as shown in Figure A.4 (a). The spontaneous magnetisation is a co-

operative occurrence arising from the ordering of magnetic moments due to 

exchange interactions between the electron spins. A magnetic domain is a small 

region which has uniform magnetisation, i.e. containing a number of atoms with 

magnetic moments that are aligned in parallel. The spin magnetic moments of all 

atoms in a domain are oriented in the same direction (see Figure A.4 (b)), but the 

magnetisation directions of different domains of a ferromagnetic material are 

random as illustrated in Figure A.4 (c). The resultant magnetisation is zero on a 

macroscopic scale and the material is said to be demagnetised.  

 

Figure A.4: (a) Neighbouring moments in a ferromagnetic material, (b) Parallel alignment of 

neighbouring spins in different magnetic domains, (c) Overall spontaneous 

magnetisation in magnetic domains. 

In the presence of an external field, the magnetisation increases up to a saturation 

value (Ms). When the applied field is decreased or reversed, the magnetisation of 

the ferromagnetic material decreases without tracing the original path, that is, 

magnetisation and demagnetisation processes are irreversible. The lack of 

retraceability of a magnetisation curve is a characteristic of ferromagnetic materials 

known as hysteresis. This property is related to the presence of magnetic domains 

which when oriented in one direction, energy is required to reverse their orientation. 

The ability to retain magnetism in ferromagnetic materials is useful in magnetic 

‘memory’ hence the use of iron and chromium oxides in magnetic storage for 

computer hard drives and audio tape recording. Figure A.5 shows a hysteresis loop 

(a) (b) (c)
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which contains information on intrinsic and extrinsic properties of a ferromagnetic 

material.  

 

Figure A.5: Magnetisation curve for a ferromagnetic material, showing hysteresis loop and 

arrangement of magnetic domains. 

The remanent or ‘left over’ magnetisation (Mr) is a measure of the materials’ ability 

to retain magnetisation when the external magnetic field has been removed. 

Coercive field (Hc) is the external field required to counteract the remanent 

magnetisation in a ferromagnetic material and reduce the magnetisation to zero. The 

thermal dependences of χ-1 and spontaneous magnetisation in a ferromagnetic 

material are illustrated in Figures A.6 (a) and (b), respectively, while the field 

dependence of magnetisation at different temperatures is show in Figure A.6 (c).   

 

Figure A.6: Ferromagnetism: (a) Temperature dependence of χ-1, (b) Variation of spontaneous 

magnetisation with temperature, (c) M(H) curve at different temperatures in a 

ferromagnetic material. 
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A.1.1.5. Antiferromagnetism 

Antiferromagnetism (AF) is a form of magnetism resulting from anti-parallel 

(exactly equal and opposite) aligned spins on different sub-lattices in a material as 

shown in Figure A.7 (a). Thus, no net spontaneous magnetism is present in 

antiferromagnetic materials. In addition, these materials have no hysteresis, but a 

small positive susceptibility. Above a critical temperature known as the Néel 

temperature (TN), the susceptibility obeys the Curie-Weiss law for paramagnetism 

(i.e. spins are randomly oriented) with a negative intercept indicative of negative 

exchange interactions. These exchange interaction act to anti-align neighbouring 

spins in different sub-lattices. The spins become randomly oriented because the 

thermal energy is large enough to destroy the magnetic ordering. However, below 

TN the electron spins are anti-parallel and hence no net magnetisation. The 

interaction between the spins strongly opposes an external field resulting in a 

decrease in the susceptibility with decreasing temperature. Thus, the TN is the 

temperature above which an antiferromagnetic (or ferrimagnetic) material becomes 

paramagnetic. Figure A.7 (b) depicts the antiferromagnetic and paramagnetic 

behaviours below and above TN, respectively. The variation of magnetisation as a 

function of applied field at different temperatures is shown in Figure A.7 (c). 

 

Figure A.7: (a) Spin lattice arrangements in an antiferromagnetic material (b) Temperature 

dependence of χ-1 (c) M(H) curve at different temperatures. 

A.1.2. Density of states on ferromagnetic material 

The most important property of a ferromagnetic material is spontaneous magnetism 

due to strong collective ordering of neighbouring magnetic moments. Schematic 

illustrations [250] of the electronic density of states available in a ferromagnetic 
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material compared to a normal metal are shown in Figures A.8 (a) and (b), 

respectively. In a 

ferromagnetic material 

the d band is split into 

spin-up and spin-down 

sub-bands with 

corresponding states 

displaced in energy with 

respect to each other. 

Consequently, the spin-

up sub-band is filled first 

while the remaining 

electrons occupy the spin-down. As a result, the difference in the number of 

electrons with spin-up and spin down gives rise to the spontaneous magnetic 

moment. 

Figure A.8: Schematic illustration of the electronic density of states 

in (a) A ferromagnetic metal and (b) A normal metal. [Adopted 

from Prinz 1998 [250]] 
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Appendix B: FeAl Detector Development 

B.1. Introduction 

The FeAl detector developed is a parallel plate avalanche detector (PPAC) similar 

in design and working principle to the 57Fe-enriched stainless steel discussed in 

section 3.6.3.1. The main aim of this project is to develop a more efficient detector 

for both online and offline emission Mössbauer spectroscopy measurements by 

utilising multiple FeAl plates. The first stage involved the construction of the 

detector with a single FeAl layer and the determination of best operating condition 

of bias voltage, acetone gas pressure and plate separation distance. 

B.2. FeAl sample preparation  

The FeAl plates were prepared by Marat Minnekaev and Andrei V. Zenkevich at 

the NRNU Moscow Engineering Physics Institute in Russia. The samples were 

produced by co-deposition of Fe and Al onto Be substrates at room temperature 

using pulsed laser deposition (PLD) technique in a dedicated vacuum setup with a 

base pressure <10-5 Pa. Enriched 57Fe (95.2 %) and Al elemental targets were 

alternately ablated using YAG:Nd3+ laser operating in the Q-switched regime with 

150 mJ energy (t = 15 ns) and 45 Hz repetition frequency. The deposition rate was 

in the range 0.2-0.4 nm.s-1 (≈0.01 nm per laser pulse). The Fe-Al alloy composition 

was controlled by setting the number of pulses on each target as calibrated with 

RBS which was performed with 2 MeV 4He+ ions. 54Fe was used at the bottom and 

on top to prevent the functional layer from oxidising and to exclude possible 

reactions with the substrate during the annealing.  After the deposition the samples 

were annealed in high vacuum chamber of the PLD setup at the optimised 

temperature of T = 470oC for ~24 hours. 

B.3. Typical FeAl Mössbauer Spectrum 

A typical emission Mössbauer spectrum obtained for the prepared FeAl sample was 

analysed with an asymmetric single line as shown in Figure B.1. The spectrum was 

recorded for 90s with an operating negative bias voltage of 620 V, plate separation 

of 1.66 mm and acetone gas pressure of 35 mbar. The asymmetry in the spectrum 
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stems from the non-linear BCC phase 

of FeAl which is Fe rich (Al 

vacancies). An isomer shift of 

~0.30(1) mm/s and a linewidth of 

~0.23(1) was extracted from the 

analysis. The isomer shift compares 

well with a value of 0.27(2) mm/s 

reported by Mielczarek and 

Papaconstantopoulos [251] while the 

linewidth is lower than an average value of 0.34 mm/s used for the 57Fe-enriched 

stainless steel detector. 

B.4. Theory behind offline tests 

A typical folded Mössbauer spectrum illustrating the maximum counts (mp), 

background counts (B) and the relative signal (S) is depicted in Figure B.2. 

 

Figure B.2: FeAl emission Mössbauer spectrum illustrating spectral parameters. 

The objective of the detector optimisation is to maximise the signal to noise (S/N) 

ratio per unit time.  

The signal is given by the relation  

                                                         𝑆 = (𝑚𝑝 − 1). 𝐵 ,                                           (B.1) 

and the noise (N) is given by 

                                                               𝑁 = √𝑚𝑝. 𝐵.                                             (B.2) 

Dividing yields the signal to noise ratio 
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Figure B.1: Typical emission Mössbauer spectrum for 

FeAl sample with a signal to background ratio ~20. 
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                                                        𝑆/𝑁 = (
𝑚𝑝−1

𝑚𝑝
) . √𝐵,                                        (B.3) 

and using the assumption,    

                                                                  𝑏 =
∆𝐵

∆𝑡
 ,                                                   (B.4) 

yields  

                                                         𝑆/𝑁 = (
𝑚𝑝−1

𝑚𝑝
) √𝑏. 𝑡 .                                     (B.5) 

However, mp is a variable dependant on the relative solid angle (Ω) which is 

dependent on the strength of radioactive source Ss, surface area of the FeAl foils (A) 

and the source-FeAl foil distance (D), and can the expressed by the relation:           

                                                                Ω =
𝑆𝑠.𝐴

4𝜋𝐷2 .                                                (B.6) 

Thus defining an optimisation parameter Cs which is directly proportional to the 

signal to noise ratio (from equation B.5) and related to the solid angle effect yields, 

                                                     𝐶s = (
4𝜋𝐷2

𝑆𝑠𝐴
) (

𝑚𝑝−1

𝑚𝑝
) √𝑏  .                                  (B.7) 

B.5. Offline Tests Measurements 

The electronics illustrated in the experimental set-up shown in Figure 3.13 was 

employed for detector optimisation tests to collect Mössbauer spectra. Initial 

detector tests were carried out at the Institute of Physics and Astronomy, Aarhus 

University after assembly of the detector components and similar experiment were 

later performed at iThemba LABS using the detector by varying the acetone vapour 

pressure (P) from 5 to 50 mbar taking 5 mbar steps at each plate separation 

distances, s = 1.16, 1.66, 2.16 and 2.66 mm as a function of bias voltage. A source 

of approximately 28 mCi was placed a distance of about 12 mm and 23 mm from 

the face detector and FeAl plate. An additional HV connection to a multimeter was 

incorporated to the set-up to obtain digital reading of the bias voltage. 

B5.1. Data Analysis and Results 

The analysis of Mössbauer data was done following the theory prescribed above 

and the results of different Cs values obtained for different gas pressures for each 

of the four plate separation distances are presented in Figure B.3. 
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Figure B.3: Curves of optimisation parameters obtain as a function of acetone vapour pressure and bias voltage at plate separation distances indicated. 
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The results show that increasing the bias voltage increase the optimisation 

parameter stemming from the increase in charge multiplication in the acetone 

vapour contained between the parallel plates. Moreover, it is evident that increasing 

separation distance of the plates increases the range of operation of the bias voltage 

as evident by the maximum operating voltages reached at high gas pressure values. 

In addition, different Cs values are obtained at different gas pressures and bias 

voltage values at the four different plate separations: 

 For  the minimum plate separation distance of s = 1.16 mm, a maximum Cs 

value of ~12 is obtained for a gas pressures of 30, 40 and 45 mbar when the 

detector is operated at voltages between 680-720 V. 

 For s = 1.66, a maximum value of Cs ~ 12 is obtained for the detector filled with 

acetone vapour pressure of 40, 45 and 50 mbar with a voltage operating range 

of 740 – 875 V. 

 Cs values of 12.7(1) and 12.6(1) were obtained for the detector when the 

distance separating the plates is set to 2.16 mm at gas pressures of 15 mbar and 

25 mbar, respectively. The detector was operated at voltages of ~ 600 V and 

720 V each corresponding to the respective Cs and pressure values. 

 A maximum Cs value of 12.6(1) is obtained for s = 2.66 mm with the detector 

operating at ~ 710 V and with a gas pressure of 20 mbar. In addition, average 

Cs values above 12 are obtained for the voltage range 550 – 940 V with 

corresponding acetone vapour pressures between 10 – 35 mbar. 

Moreover, the linewidth was observed to increase with increasing bias voltage for 

different operating condition of gas pressure and plate separation distances. For 

example, values varying from ~0.17(1) mm/s to 0.27(1) mm/s with increasing 

operating voltages of ~ 390 V to ~ 870 V were obtained for a plate separation of 

1.66 mm/s and pressures of 10 mbar and 50 mbar, respectively. 

B.6. Online Detector Tests Measurements 

In addition to offline laboratory tests, an online emission Mössbauer measurement 

was performed at ISOLDE on the AlN sample following 57Mn* implantation. AlN 

was chosen because the room temperature spectrum obtained on a narrow velocity 
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scale revealed more complicated features compared to GaN and InN hence was the 

ideal sample to perform a test measurement using the FeAl detector with a view to 

further resolve the spectral features. Figure B.3 shows the visual inspection spectra 

for AlN obtained at room temperature using the FeAl and stainless steel detectors. 

 

Figure B.4: 57Mn* emission Mössbauer spectra for AlN obtained with FeAl and stainless steel 

detectors, respectively. 

Clearly the spectrum measured with the FeAl detector shows more features as 

indicated by the arrows. In addition the spectral lines are much sharper compared 

to the spectrum obtained with the stainless steel detector. 

B.7. Conclusion and Future Tests 

Offline detector test measurements show that increasing the plate separation 

distance increases the bias voltage operation range at equivalent gas pressures. 

Moreover, an average maximum Cs value of ~12.5(1) was obtained for various 

combinations of bias voltage and gas pressure. Future offline measurements for a 

wide range of values for the plate separation distance will be carried out to 

determine the breakdown voltage of the gas as a function of pressure and plate 

separation distance. The visual inspection spectrum for AlN obtained using the 

FeAl detector clearly revealed more spectral features compared to that measured 

with the stainless steel. As a result, more online test measurements are planned 

during the next beam time. This will be followed by the second phase which 

involves incorporating more FeAl parallel plates to increase detector efficiency and 

lower data acquisitions times. 
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