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PHYSICS 

ABSTRACT 

Non-uniform strain phenomena localized to Mg acceptor sites were investigated in 

Mg-doped GaN single crystals using electron paramagnetic resonance (EPR) spectroscopy.  

Samples in this study were grown either as µm-thick thin-film or mm-thick free-standing 

samples with the Mg concentration ranging from 3-150 x1018 cm-3.  In all samples, the 

Mg-related EPR signal was observed but the g-factor, intensity, and lineshape anisotropy 

characteristics varied significantly depending on the magnitude of the bi-axial crystal field 

Δx local to the Mg acceptor.  By modelling the Mg acceptor as basal atomic 2p orbitals, the 

angular dependent intensity could be effectively predicted in both small and large bi-axial 

crystal field environments.  Attempts at describing the Mg acceptor as being localized to 

an axial nitrogen neighboring the Mg resulted in incorrect EPR g-factor and intensity 

angular dependent predictions for samples in small bi-axial crystal fields. 

The non-uniformity of the bi-axial crystal field was investigated by measuring the 

EPR signal over a range of frequencies between 50-130 GHz in free-standing samples 

grown by vapor phase epitaxy (HVPE) samples.  The dominant source of lineshape 

broadening was determined to be caused by non-uniform crystal field, which resulted in a 

distribution of unresolved g-factors, known as g-strain. Other linewidth broadening 

mechanisms were investigated, but all results confirm that, in the ground state, the hole 
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must reside on basal planes subjected to various bi-axial strains, likely attributed to their 

location in the crystal. 

In this work, I provide experimental evidence that supports the model for the Mg 

acceptor as a hole on a basal site in GaN.  By the application of crystal field theory, the 

anisotropic g-factor and intensity could be effectively understood as a parameter sensitive 

to the magnitude of the local bi-axial crystal field Δx in all GaN:Mg samples when the hole 

is oriented on a basal site only.  Free-standing ammonothermal-grown GaN:Mg samples 

reveal that ionized donor sites can also result in large bi-axial crystal fields as evidenced 

by a reduced g-factor anisotropy.   

  



 

 

iv 

 

DEDICATION 

 

To my mother, Susan 

 

  



 

 

v 

 

    

ACKNOWLEDGEMENTS 

 

Below is a list of people who have been paramount in making me a better human.  

All of you are very special to me and I will always be eternally grateful for your care and 

support that you have provided during my graduate career. 

Mark Bentley, Leslie Denton, Martha Denton, Thomas Denton, Kathryn Ham, 

Kelli Lasseter, Adam Mcdermott, Adam Nored, Jeremy Peppers, Alex Skinner, 

Christopher Spradlin, Savannah Spencer, Laura Sunay, Meatball Parmesan 

Sunflower (dog), Gregory Williams, William Willoughby, and Jonathan Wright. 

I also wish to extend my deep gratitude to my advisor, Dr. Zvanut, who was integral 

to my success as a researcher. 

 

 

 

 

 

 

 

 

 

 



 

 

vi 

 

 

TABLE OF CONTENTS 

Page 

ABSTRACT ........................................................................................................... ii 

DEDICATION ........................................................................................................ iv 

ACKNOWLEDGEMENTS ..................................................................................... v 

LIST OF TABLES .................................................................................................. ix 

LIST OF FIGURES ................................................................................................. x 

RESEARCH ............................................................................................................ 1 

1. INTRODUCTION TO GALLIUM NITRIDE .................................................1 

1.1 Background and Motivation ............................................................. 1 
1.2 An Abridged History of GaN LED Progress ...................................... 4 

1.3 Growth Techniques and Properties ..................................................... 5 
1.4 Overview of Characterization Techniques .......................................... 8 

1.5 Overview of Point Defect Characterization in GaN ............................ 10 
1.5.1 Native defects ........................................................................... 10 

1.5.2 Defects in n-type GaN ............................................................... 11 
1.5.3 Transition metals ....................................................................... 11 

1.5.4 Hydrogen-related defects........................................................... 12 
1.6 Overview of the Mg Acceptor in GaN ................................................ 13 

1.7 Motivation for Research..................................................................... 15 

1.8 Overview of Chapters ........................................................................ 17 

2. EXPERIMENTAL TECHNIQUES ................................................................ 19 

2.1 EPR Spectroscopy Basic Applications ............................................... 19 

2.2 Zeeman Effect for S = ½ System ........................................................ 20 
2.3 The EPR g-factor ............................................................................... 22 

2.3.1 The non-degenerate case ........................................................... 24 



 

 

vii 

 

2.4 The EPR Intensity .............................................................................. 27 
2.5 Linewidth Broadening Mechanisms ................................................... 28 

2.5.1 Spin-relaxation .......................................................................... 28 
2.5.2 Hyperfine broadening ................................................................ 29 

2.6 Details of Experimental Setup ............................................................ 30 
2.6.1 Before the cavity ....................................................................... 31 

2.6.2 The cavity and resonance .......................................................... 31 
2.6.3 Detection................................................................................... 32 

2.7 Other Techniques ............................................................................... 32 
2.7.1 Raman Spectroscopy ................................................................. 32 

2.7.2 X-ray diffraction ....................................................................... 33 

2.8 Controversy with an Axial Localized Mg Hole .................................. 34 

3. EXPERIMENTAL PARAMETERS ............................................................... 37 

3.1 Summary of Samples ......................................................................... 37 

3.2 X-band EPR ....................................................................................... 38 
3.3 EPR Frequency Dependent Measurements ......................................... 40 

3.4 X-ray Diffraction ............................................................................... 40 
3.5 Computational Procedure ................................................................... 42 

3.6 Data Fitting ........................................................................................ 44 

4. RESULTS AND DISCUSSION ..................................................................... 46 

4.1 EPR g-factors .................................................................................... 46 
4.1.1 Thin-film samples ..................................................................... 46 

4.1.2 Free-standing samples ............................................................... 49 
4.1.3 Reduction of g-factor anisotropy ............................................... 50 

4.2 Evidence of Bi-axial Crystal Field Effects From the g-factor ............. 52 
4.3 Evidence of Bi-axial field from Intensity Angular Dependence .......... 57 

4.4 Realism of Hamiltonian Parameters ................................................... 62 
4.5 Lineshapes and Linewidths ................................................................ 64 

4.6 Evidence of Crystal Field Non-uniformity ......................................... 67 
4.7 Alternative Frequency-Dependent Linewidth Mechanisms................. 70 

4.7.1 Crystal curvature ....................................................................... 70 
4.7.2 Generalization of the bi-axial crystal field direction .................. 73 

4.8 Temperature Dependence................................................................... 75 
4.8.1 Temperature dependence and the Jahn-Teller effect .................. 75 

4.8.2 A discussion of reduced Hamiltonian parameters gl and λ.......... 79 

5. CONCLUSIONS ............................................................................................ 81 

5.1 Summary of Results ........................................................................... 81 



 

 

viii 

 

5.2 Future Work ...................................................................................... 83 
5.2.1 ENDOR spectroscopy ............................................................... 84 

5.2.2 Lower temperature EPR measurements ..................................... 85 

LIST OF REFERENCES ......................................................................................... 86 

APPENDIX ............................................................................................................. 97 

Calculating EPR Parameters From Hamiltonian Parameters For Mg0 ....... 97 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

ix 

 

 

 

 

LIST OF TABLES 

Table               Page 

Table 3.1. A list of the samples used for this work. Impurity concentrations         

were determined via SIMS. *Not measured, but based on growth 

conditions, these are the estimated values. ..................................................... 38 

Table 4.1. Growth method, SIMS Mg concentration, and fit EPR g-factor 

parameters for samples used in this study. *Not measured, but 

based on growth conditions, these are the estimated values. .......................... 48 

Table 4.2. Raman shifts and calculated strain energies and their 

corresponding bi-axial bound exciton energy shift. ....................................... 64 

Table 4.3. The range of g-factors required to fit the EPR angular-dependent 

lineshape at 3.5 K and 10 GHz. .................................................................... 65 

Table 4.4. The rate of which the Mg-related EPR signal linewidth was 

observed to change with microwave frequency and the 

corresponding influence from crystal bowing at selected 

orientations of the crystal c-axis with the external magnetic 

field B for free-standing HVPE samples. .................................................... 73 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

x 

 

 

 

 

 

 

 

 

 

LIST OF FIGURES 

Figure               Page 

Figure 1.1. The wurtzite crystal structure of GaN showing the tetrahedral 

bonding for Ga (gray spheres) and N (yellow spheres) atoms 

with a view of the (a) hexagonal crystal symmetry and (b) 

primitive unit cell. Figures courtesy of Wikipedia [39]. ................................7 

Figure 1.2. (a) Schematic of Mg (orange sphere) substituting at a Ga (green) 

site surrounded by 4 N (silver) atoms in hexagonal GaN. a, b, 

and c are the hexagonal crystal axes with |a|=|b|. The basal 

plane, mentioned in the text, is the crystal ab plane. The axial 

nitrogen is a nearest neighbor to Mg lying along the c-axis; the 

basal nitrogen are nearest neighbors in the basal plane. (b) The 

isolated MgGa atom with an axial (A) and three basal (B) N 

atoms. ......................................................................................................... 14 

Figure 2.1. (a) The energy splitting between spin states due to the Zeeman 

effect and the (b) resulting (i) absorption and (ii) derivative 

EPR spectra for a S=1/2 system. Bo is the magnetic field at peak 

of the EPR absorption or zero crossing for a derivative scan. ...................... 21 

Figure 2.2. (a) Schematic of how samples are rotated for EPR angular 

dependent measurements. (b) Example stacked EPR spectra 

taken at different orientations between the crystal c axis and 

the external magnetic field B.  The zero crossing Bo from each 

spectrum is highlighted by a red circle and (c) the 

corresponding effective g factor is determined by application 

of Eq. 2.9. .................................................................................................. 27 

Figure 2.3. (a) An example EPR spectra taken in derivative mode, (b) its 

corresponding integral with respect to the magnetic field 

strength B, and (c) the second integral with respect to B............................. 28 



 

 

xi 

 

Figure 2.4.   Basic EPR spectrometer schematic. ........................................................... 31 

Figure 3.1. Schematic of how samples are rotated for EPR angular 

dependent measurements. .......................................................................... 39 

Figure 3.2. Image of HVPE sample with the c-axis pointing out of the 

picture. Each circle represents a point where XRD rocking 

curves were performed. .............................................................................. 41 

Figure 4.1. Example spectra of the Mg-related EPR signal obtained at 9.4 

GHz and 3.5 K observed in a MOVPE thin-film with the angle 

between the c-axis and static magnetic field oriented at 30o 

(blue) and 60o (green). The zero-crossing Bo for each angle is 

highlighted at the red circle. (b) EPR g-factor angular 

dependence for thin-film MME (black squares), MOVPE (red 

circles), and HVPE thin-films (blue triangles) samples. Lines 

are best fits of Eq. 3.2 to the data. ............................................................... 48 

Figure 4.2. (a) Example spectra of the Mg-related EPR signal obtained at 

9.4 GHz and 3.5 K observed in a HVPE free-standing sample 

oriented at 20o (orange) and 60o (blue). The zero-crossing Bo 

for each angle is highlighted as the red circle. (b) EPR g-factor 

angular dependence HVPE free-standing samples (blue 

circles).  The thin-film MOVPE data (black squares) is shown 

for reference.  Lines are best fits of Eq. 3.2 to data.  The dotted 

red line is the g-factor angular dependence extracted from 

fitting the intensity angular dependence.  The horizontal 

dashed black line indicates the minimum g-factor accessible 

with the 1 T magnet at 9.4 GHz. ................................................................. 50 

Figure 4.3. (a) 3.5 K Mg-related EPR spectra of RTA AlxGa1-xN with the 

magnetic field oriented at 0o (solid black), 30o (dashed blue), 

and 90o (dotted red) to the c-axis for (i) x = 0, (ii) x = 0.08, and 

(iii) x = 0.28. (b) g-factors obtained from RTA AlxGa1-xN for 

x = 0 (black squares), x = 0.08 (red circles), and x = 0.28 (blue 

triangles). ................................................................................................... 51 



 

 

xii 

 

Figure 4.4. Change in g-factor values fit from Eq. 3.2 as a function of 

measured Mg SIMS concentration for g || (black squares) and 

g⊥ (red circles). To make both g|| and g⊥ fit in the same scale, 

they are subtracted from the first data point at SIMS Mg 

concentration 7x1016 cm-3
, i.e. δg=g(x)-g(7x1016 cm-3) where x 

is the Mg concentration. ............................................................................. 51 

Figure 4.5. The g-factors for holes localized to acceptor sites as a function 

of a varying bi-axial crystal field in the x-direction.  The axial 

crystal field, spin-orbit coupling, and orbital reduction factor is 

fixed at Δz = -15 meV, λ = -1 meV, and gl = 0.1. ......................................... 55 

Figure 4.6. Room temperature Raman spectra using a 535 nm light source 

of GaN:Mg samples grown various ways. ................................................... 57 

Figure 4.7. EPR Intensity angular dependence of (a) free-standing (black 

squares) and (b) both free-standing (black squares) and thin-

film MOVPE (red circles) samples at 9.4 GHz. Solid lines are 

simulations of EPR intensity using the Hamiltonian in Eq. 3.3. 

The dotted blue line in (a) is a fit using the same equation but 

with Δx=0. Vertical dashed black lines indicate inaccessible 

angles due to the signal’s highly anisotropic g-factor.................................. 59 

Figure 4.8. The transition probability matrix (dotted blue) and Aasa-

Vanngard 1/g factor (solid red) contributions to the relative 

EPR intensity plotted along the product of the two (solid 

black) contributions to the calculated angular dependent 

intensity for a (a) free-standing HVPE and (b) heteroepitaxial 

MOVPE thin-film sample. ........................................................................ 62 

Figure 4.9. (a) A standard Zeeman energy diagram of one isolated spin S = 

½ system and the resulting EPR spectrum. (b) A Zeeman 

energy diagram for two independent spin S=1/2 systems with 

slightly different g-factors and the resulting EPR spectrum. ....................... 66 



 

 

xiii 

 

Figure 4.10 (a) EPR transmission spectra at 5o and 40o at two microwave 

frequencies and (b) frequency dependence of the FWHM of 

EPR spectra obtained from free-standing GaN:Mg measured 

with the angle between the c-axis and B : 5o (black squares), 

20o (red circles), and 40o (blue triangles). Dashed lines are 

linear fits. Unfilled symbols are the X-band results, where the 

symbols follow the same legend as higher frequency data. The 

inset shows the peak magnetic field at resonance Bo as a 

function of microwave frequencies at 40o. ................................................. 68 

Figure 4.11. (a) Rocking curve spectra from (006) plane at different points 

on the sample. (b) Peak position, ωpeak, of rocking curve as 

position of distance across sample. The slope is proportional 

to the radius of curvature........................................................................... 72 

Figure 4.12 Variation in g-factor from generalizing the bi-axial crystal field 

Hamiltonian term to Δx→ Δ⊥ as specified in Eq. 4.5. .................................. 74 

Figure 4.13. Change in Lorentzian 9.4 GHz EPR linewidth of Mg-related 

signal for a thin-film MOVPE (purple cross) sample and free-

standing HVPE samples with Mg concentrations of 4x1017 

(black squares), 1.5x1018 (red circles), 3x1018 (blue triangles), 

and 6x1018 (green stars) cm-3 oriented at 20o
 for free-standing 

samples and 30o for thin-film samples. ...................................................... 77 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

 

RESEARCH 

CHAPTER 1 

INTRODUCTION TO GALLIUM NITRIDE 

1.1 Background and Motivation 

Gallium nitride (GaN) is a semiconductor with a direct bandgap of 3.4 eV that can 

be altered by alloying with In or Al to achieve its most well-known application, a light 

emitting diode (LED) [1,2].  Developing more power-efficient optoelectronic devices is an 

imperative societal requirement due to an ever-increasing global demand for electrical 

power.  GaN is pivotal in this regard, as the sole successful LED material on the market, 

providing significant cost and power reductions in the lighting sector.  Throughout the 

development of LEDs, roughly every 10 years the brightness-to-LED package ratio has 

increased by a factor of 20 and the cost-to-brightness ratio decreases by a factor of 10 – 

this is known as Haitz’s law.  To significantly further the development of GaN LEDs and 

continue the trend of a more efficient device, basic research must be done to improve the 

understanding of the underlying fundamental processes and properties that govern GaN 

device functionality.  The work in this document focuses on improving our understanding 

of the Mg acceptor– the only successful p-type dopant in GaN and a necessary component 

in creating LEDs.  

 Additionally, the high breakdown voltage, saturation velocity, and electron 

mobility make it an excellent material for high-power high-frequency electronic devices 

[3,4].  With global demands for electrical power increasing, higher efficiency devices for 

both cities and residents stand to save significant money on lighting. The U.S. Energy 

Information Administration (EIA) estimates that in 2018 the residential and commercial 
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sector used about 232 billion kilowatt-hours of electricity for lighting, or about 6% of the 

total U.S. electrical power consumption.  The successful technological applications are 

only possible because GaN can be doped as both n-type and p-type.  The former is achieved 

by minimizing the free carriers inherent to all current growth conditions and a controlled 

introduction of Si.  The latter proved more challenging, but now is routinely achieved by 

doping GaN films with Mg – the only successful dopant that can consistently achieve p-

type conductivity. 

GaN, since its inception, has been plagued with severe issues that impede device 

performance and lifetime.  Lattice and thermal expansion mismatch at the interface from 

hetero-epitaxy growth cause large strains that result in high dislocation densities of 

107-1010
 cm-2, causing non-radiative recombination sites [5,6]. During growth, 

unintentional dopants (UIDs), typically Si and O, are incorporated into the GaN crystal at 

concentrations of 1016-1017 cm-3, which lead to n-type conductivity – making p-type 

conductivity harder to achieve.  Regrettably, the energy level of the Mg acceptor is 150-200 

meV above the valence band, resulting in a significant reduction in electrically active holes 

at typical operating temperatures [7,8].  Low hole mobility is also a significant concern, 

partially caused by doping with large impurity concentrations that increase impurity 

scattering and significant bi-axial crystal fields that increase the effective hole mass mh [9].  

Additionally, p-type doping efficiency also becomes reduced at Mg concentrations of 

~5x1019 cm-3; this is primarily thought to be due to a higher concentration of Mg-interstitial 

or nitrogen vacancy donors [10,11].  For high voltage applications, it has also been seen 

that dislocations can migrate when the electronic device is biased, reducing device 
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performance and lifetime [12].  Finally, dopant incorporation has shown to be 

crystallographically anisotropic and, in the case of Mg, aggregated [13,14].   

Despite the detrimental properties mentioned above, GaN is still the sole blue LED 

material and remains competitive in high-power and high-frequency electronic devices.  

Other impurities besides Mg have also been investigated for the purpose of finding a more 

suitable acceptor with a smaller ionization.  For an alternative acceptor dopant to compete 

with Mg, the first two requirements are: having an activation energy of ~200 meV or less, 

and an ability to incorporate enough acceptors to compete with the 1016-1017 cm-3 donors 

from unintentional dopants (UID).  Photoluminescence characterization of Zn-doped GaN 

has shown features that suggest acceptor levels, but with an activation energy of about 340 

meV, significantly higher than that of Mg [15].  P-type conductivity has been observed in 

Ca and Be ion-implanted GaN with acceptor level of about 160-170 meV and 230 meV 

respectively [15,16].  Unfortunately, ion-implantation incorporates dopants non-uniformly 

and causes additional defect states, suspected to be gallium and nitrogen vacancies and 

interstitials, that reduce electrical and optical device performance.  Additionally, achieving 

p-type conductivity in Ca-doped samples requires a temperature anneal greater than 

1000 oC, which significantly degrades GaN crystal quality [16,17].  Therefore, studying a 

means to maximize the effectiveness of the Mg dopant in GaN is a necessity in furthering 

the development in GaN-based electronic devices.  Additionally, the effect of bi-axial 

crystal fields will impact two-dimensional electronic devices and significantly affect hole 

mobility, an issue already affecting current GaN electronics [9]. 

With all of the difficulties associated with GaN growth, the material possesses 

several desirable traits for optoelectronic applications.  Firstly, the 3.4 eV band gap can be 
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altered by alloying GaN with other elements, Al for increasing the bandgap and In for 

decreasing it.  The change in band gap allows the output wavelength for LEDs to be tuned.  

The large breakdown field of 3.5x106 V cm-1 allows for high voltage operations, decreasing 

the need for power converters for voltage step-down transformers in many applications, 

which significantly increases power efficiency [18].  The high electron saturation velocity 

allows for high frequency devices, with reports of GaN-based devices being operated in 

the GHz range [4,19].   

1.2 An Abridged History of GaN LED Progress 

For most of its life, GaN has only been able to be grown heteroepitaxially, i.e. on 

non-native substrates.  Development started in the 1960s with successful single crystalline 

deposition onto Al2O3 (sapphire) substrates [20].  Hall effect electrical measurements 

showed that GaN samples were strongly n-type with an electron concentration above 1019 

cm-3. This was initially attributed to a high concentration of nitrogen vacancies, but later 

was shown to be more likely related to the large amount of unintentional dopants and poor 

crystal quality.  The following achievements in GaN research have led to high-brightness 

blue LEDs and ultimately to the 2014 Nobel prize award.  By growing GaN/AlN buffer 

layers between the substrate and GaN active layer, residual electron concentrations were 

reduced to 1015 cm-3 and the surface morphology was greatly increased, mostly due to a 

significant reduction in dislocations [21,22].  Passivation of p-type conductivity was also 

seen to occur when annealing in NH3 or hydrogen rich environments such as forming gas 

(N2,H2).  To explain the passivation of Mg acceptors, hydrogen was predicted to form 

complexes and effectively passivate the Mg acceptor; this was later confirmed by IR 
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spectroscopy measurements and theoretical calculations [23].  The largest change in 

research interest occurred when p-type GaN was finally able to be consistently achieved - 

at first by Amano et al. with low-energy electron beam irradiation (LEEBI), then by 

Nakamura et al. via annealing in an N2-ambient gas environment, both techniques 

removing H atoms from GaN:Mg crystals [24,25].  A more thorough review of GaN 

development has been  discussed in review papers that include device development and 

Al/In alloying difficulties [26,27]. 

1.3 Growth Techniques and Properties 

The majority of Mg-doped GaN (GaN:Mg) is grown using three different methods.  

The most common for commercial growth is metal-organic vapor phase epitaxy (MOVPE), 

sometimes also referred to as metal-organic chemical vapor deposition (MOCVD).  

Organic gas molecules, such as trimethylgallium (TMGa) and bis-cyclopentadienyl 

magnesium (Cp2Mg) are passed over a hot wafer, commonly a non-native substrate such 

as Al2O3 or SiC, in a vacuum chamber and react on the surface.  Growth rates for MOVPE 

are typically measured in μm/h with a maximum thickness of less than 10 μm with hole 

concentrations on the order of 5x1017 cm-3
 [28].  Due to the hetero-epitaxial growth, 

reported dislocation densities are in the range of 107-109 cm-2
 [29].  The carrier gas that is 

used to introduce nitrogen into the growth process, NH3 (ammonia), results in a large 

hydrogen concentration, which passivates any p-type conductivity, but can be reduced with 

a post-growth anneal in a low hydrogen environment [25].  Other common unintentional 

dopants are C, Si, and O typically in the range of 1016-1017 cm-3. 
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For increased precision in doping concentrations, device growth, and having 

deposition control at the atomic level, molecular beam epitaxy (MBE) is an effective 

option.  At “ultra-low” pressures (10-8 atm or lower) Ga metal sublimes while nitrogen is 

supplied via a plasma source to react on a substrate.  To achieve higher hole concentrations, 

the Ga metal flow rate is modulated via a shutter and the growth method is referred to as 

metal-modulated epitaxy (MME) [30].  The growth rate is typically less than 1 μm/h with 

a film thickness of less than 1 μm but the method can incorporate a higher concentration 

of Mg and results in hole concentrations as high as 5x1018 cm-3 at room temperature.  Since 

the growth is hetero-epitaxial, the dislocation density is similar to MOVPE; being reported 

at 1010 cm-2
 [31].  Due to the lack of hydrogen present during crystal growth, a post-growth 

anneal is not required. 

For many of the high-power applications to be achieved, homoepitaxial growth is 

preferred due to the myriad of issues from defects caused by heteroepitaxial growth, such 

as reduced thermal conductivity, reduced device performance and lifetime [32–35].  

Furthermore, biaxial strain or crystal fields strongly affect hole mobility and lateral GaN 

devices, such as two-dimensional electron gas electronics [26].  For these reasons, hydride 

vapor phase epitaxy (HVPE) is an active area of research for GaN crystal growth.  GaCl 

and NH3 flow over a substrate and react to grow GaN.  Growth rates at optimal conditions 

can be as high as 150 μm/h and can achieve mm thickness crystals.  If grown 

heteroepitaxially, the substrate/GaN thermal expansion mismatch will accumulate stress at 

the interface during the cool down process, eventually result in a physical separation 

between the grown GaN and substrate; this process is referred to as self-separation in the 

literature [36].  The resulting separated GaN, referred to as “free-standing GaN”, is 
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polished via chemical or mechanical etching.  Unfortunately, one of the major 

disadvantages from HVPE growth is the limited Mg incorporation, with 6x1018 cm-3 being 

the highest reported concentration achieved [37].  

If grown in ambient conditions, GaN will crystallize in a hexagonal wurtzite 

structure, referred to as w-GaN, with the space group 186 or P63mc in Hermann-Mauguin 

notation with lattice constants a = b = 3.189 ± 0.003 Å and c =5.185 ± 0.002 Å [38].  A 

ball-and-stick model of the hexagonal cell for the crystal structure is shown in Figure 1.1 

(a) and the primitive unit cell representation shown in Figure 1.1. (b) with gray colored 

spheres representing Ga atoms and yellow colored spheres representing N atoms.  Each Ga 

and N atom is tetrahedrally coordinated and individually form a sublattice that is hexagonal 

close-packed (hcp).  A polarization field arises along the crystal’s c-axis due to a lack of 

inversion symmetry,  

 

 

Figure 1.1. The wurtzite crystal structure of GaN showing the tetrahedral bonding for Ga 

(gray spheres) and N (yellow spheres) atoms with a view of the (a) hexagonal crystal 

symmetry and (b) primitive unit cell. Figures courtesy of Wikipedia [39]. 
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creating an axial crystal field and causing the highest energy valence bands to become non-

degenerate [40–42].  This polarization field, sometimes referred to as an axial crystal field, 

is often seen as a detriment in GaN devices as it creates an intrinsic depletion layer and 

reduces sheet carrier density control in two dimensional electron gas devices [26]. 

GaN can also be grown in the zincblende crystal structure, denoted as c-GaN or 

zb-GaN.  Successfully grown c-GaN is reported to have several electronic benefits 

compared to w-GaN, such as a higher electron saturation velocity and no built-in 

polarization field.  Unfortunately, many problems have been encountered that have 

inhibited further device development: increased complexity in growth, incompatible lattice 

constants between substrate and film, wurtzite inclusions, and difficulty in p-type doping 

[43].  The primary restriction in growth is that c-GaN is a meta-stable state and is difficult 

to suppress  

the growth of w-GaN, the more stable crystal structure.  This often results in samples that 

have both c-GaN and w-GaN regions. 

1.4 Overview of Characterization Techniques 

Various characterization techniques have been applied to determine crystal quality 

and electrical transport parameters of GaN films and substrates.  Detailed below are some 

of the more common characterization techniques that are employed to effectively 

determine quantitative results from GaN crystal after growth.  Atomic force microscopy 

(AFM), scanning electron microscopy (SEM), and transmission electron microscopy 

(TEM) have all been effectively used to determine grain size and calculate the density of 

several types of extended defects [44,45].  Hall effect measurements can reveal dominant 
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scattering mechanisms of charged carriers, determine carrier concentration, resistivity, and 

mobility of free carriers – for holes or electrons [10,46,47].  Many techniques have been 

developed to quantify crystal strain, as it has been observed to play an important role in 

LED device efficiency and affects charge transport characteristics [48].  A straightforward 

approach to quantifying crystallographic strain is performing x-ray diffraction (XRD) 

experiments.  Depending on the type of scan, XRD has been used to determine several 

different manifestations of strain, including lattice parameters, axial and in-plane strain, 

crystal bowing, average dislocation density, layer thickness, alloying content, and 

mosaicity [49,50].  Raman spectroscopy has been shown to determine bulk bi-axial strain 

from the shift of the E2
2 vibrational mode and relative free-carrier concentration from the 

A1(LO) mode [51,52]. 

  The above-mentioned characterization techniques focus mainly on extended 

defects and their effect on bulk crystal properties but point defects in GaN have also been 

observed and quantified.  Secondary ion mass spectrometry (SIMS) standards have been 

developed for GaN to accurately determine atomic concentrations of common dopants, e.g. 

Mg, O, Si, C, as a function of depth within the sample [53].  SIMS, however, cannot 

differentiate between different atomic charge states or determine the mechanism of dopant 

incorporation, e.g. substitutional or interstitial.  Since near-band edge optical transitions 

are well understood in GaN, low temperature photoluminescence (PL) spectroscopy can 

provide extremely valuable information about point defects.  Many crystal quality 

parameters, such as strain, can be extracted by inspecting the PL from optical transitions 

related to band-to-defects or acceptor/donor bound excitons [54].  Finally, electron 

paramagnetic resonance (EPR) techniques have been shown to be an effective tool for 
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determining the local structures of many impurities and their charge states in GaN, such as 

Fe3+ and Mn2+.  The wavefunction localization for the neutral Mg acceptor in GaN, 

however, has eluded experimental scientists. 

1.5 Overview of Point Defect Characterization in GaN 

On the journey to achieving GaN-based LEDs, many different point defects have 

been studied as a potential pathway to understand in more detail their impact on the 

electrical and optical properties of GaN.  In this section, I briefly discuss some of the more 

heavily studied point defects and their structures in GaN.  For a more thorough review, PL 

characterization from Reshchikov et al., first-principle calculations from C.G. Van de 

Walle et al., and a general overview by M.O. Manasreh provide a more detailed account of 

point defects in GaN [54–56].  In most unintentionally doped and intentionally doped 

n-type GaN samples, the photoluminescence spectrum contains a yellow band emission 

that peaks around 2.25 eV, referred to as YL in the literature.  For decades, the dominant 

mechanism for the observed YL has been heavily debated [54]. 

1.5.1 Native defects 

Initially expected to be the dominant source of n-type conductivity, direct 

identification of isolated nitrogen vacancies ,VN, have continued to evade spectroscopists.  

Density functional theory (DFT) computations predict a low formation energy for VN, and 

that nitrogen vacancies should be present in GaN at large concentrations, but has yet to be 

directly observed [57].  However, nitrogen vacancy complexes, such as MgGa-VN, have 

been calculated to be the origin of many PL emission peaks [54].  Gallium vacancies, VGa, 

act as acceptor-like defects with a low formation energy in n-type GaN and have been 
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detected via positron annihilation spectroscopy (PAS) [58]. VGa is also thought to be one 

of the defects that result in a yellow-band luminescence in n-type GaN [54].  Additionally, 

several authors have studied electron-irradiated n-type GaN and observed a wide variety 

of defects which include Ga-O complex, Ga interstitial and a trapped Ga or N vacancy  

[59,60]. Recent frequency-dependent EPR measurements have also identified the 

interstitial N-N [61]. 

1.5.2 Defects in n-type GaN 

Finding a suitable dopant to make n-type GaN has, historically, been a much easier 

task than the search for efficient p-type doping.  Both ON and SiGa have been shown to be 

effective donors with their activation eneries being ~14 and 35 meV, respectively, below 

the conduction band [62].  Additionally, the small formation energies determined from 

DFT calculations compared to other native defects allow for high concentration of SiGa or 

ON without issues of self-compensation mechanisms [11,63].  Thorough EPR studies of 

thin-film GaN:Si have been carried out by Carlos et al., investigating the effects of strain 

and donor concentrations and the surrounding Si local environment [64].  Bulk HVPE 

GaN:Si has also been shown to form a defect band at electron concentrations of 

1.6 x1018 cm-3 and determined that transverse spin relaxation (T2) is the dominant spin 

relaxation mechanism [65]. 

1.5.3 Transition metals 

For some device applications, such as high-electron-mobility transistors (HEMTs), 

creating an electrically insulating layer is required to maintain a two-dimensional electron 

gas.  Since unintentionally doped GaN is n-type, transition metals (TMs) have been 
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effective in compensating donors in the material and reducing conductivity.  Additionally, 

TMs are often a common trace impurity in many semiconducting materials and their effect 

on optical and electrical properties is needed.  To date, all experimental results indicate that 

transition metal impurities substitute for the Ga ion in GaN, with computational formation 

energy diagrams confirming TMGa is small compared to other configurations [66,67].  The 

TM ions give three electrons to bonds and the remaining valence electrons stay well 

localized.  For many of the TM impurities in GaN, defect levels are formed deep in the 

bandgap, reducing the Fermi level and creating a more electrically insulating material.  

Since only unpaired spin systems can be paramagnetic, i.e. S ≠ 0, only some charge state 

of a TM will be EPR active.  Several transition metal and rare earth metal charge states in 

GaN have been observed in EPR, such as: Fe3+, Mn2+,  and Er3+  [68–70].  Concern should 

be placed on transition metal incorporation in GaN-based LEDs, as Fe3+ has been shown 

to be an effective Shockley-Read-Hall recombination center and even trace amounts 

severely reduce the amount of light emitted [66,71]. 

1.5.4 Hydrogen-related defects 

Hydrogen has become a heavily studied impurity in GaN, as its interaction in 

Mg-doped samples is a death knell for achieving p-type conductivity.  Direct experimental 

observations of H-related defects are concentrated mainly on vibrational spectroscopy.  

Initial studies characterized the Mg-H complex [72].  N isochronal and isothermal 

annealing studies have been extensive in determining activation energies in Mg-doped GaN 

samples via electrical measurements [73,74].  Gallium vacancy complexes have also been 

observed to be “decorated” with a various number of H atoms (VGaH, VGaH2, VGaH3) [75]. 
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1.6 Overview of the Mg Acceptor in GaN 

Despite the importance attributed to the Mg dopant, most of the fundamental 

structural information about the acceptor is provided by computational results.  By using 

density functional theory (DFT), a computational quantum mechanical modeling 

technique, scientists can predict the formation energies and electrical properties of defects 

in crystals [55,57,76].  All results indicate that Mg substituting for Ga has the lowest energy 

formation, denoted by MgGa and visualized by the schematic in Figure 1.2 (a), but that there 

are three acceptor transition level states with distinct physical localizations within the 

crystal [77].  Two of these states have the hole residing mostly on a neighboring nitrogen 

atom, with the difference being that one state is localized mostly on an axial nitrogen, 

labelled as A in Figure 1.2 (b), and the other is localized on one of three neighboring basal 

nitrogen atoms, labelled as B in Figure 1.2 (b).  The third state, referred to as the shallow 

transient state (STS), is delocalized along the [112̅0] basal nitrogen atoms.  With current 

computational accuracies, it is not possible to determine the ground state between these 

three distinctly different states as the energy differences are less than 20 meV.   

Typically, the detailed structure of an impurity may be experimentally probed by 

magnetic resonance that can determine the unpaired spin distribution through examination 

of the electron-nuclear hyperfine interaction.  Unfortunately, such information is 

unavailable for Mg in GaN, likely due to spectral broadening caused by the 100% abundant 

nuclear spins of Ga and N and sample strain.  It should be noted that magnetic resonance  
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Figure 1.2. (a) Schematic of Mg (orange sphere) substituting at a Ga (green) site 

surrounded by 4 N (silver) atoms in hexagonal GaN. a, b, and c are the hexagonal crystal 

axes with |a|=|b|. The basal plane, mentioned in the text, is the crystal ab plane. The axial 

nitrogen is a nearest neighbor to Mg lying along the c-axis; the basal nitrogen are nearest 

neighbors in the basal plane. (b) The isolated MgGa atom with an axial (A) and three basal 

(B) N atoms. 

 

can detect only the uncompensated, or neutral Mg acceptor Mg0. To date, the only 

magnetic spectroscopic information about Mg0 is the g-factor, a parameter derived from 

the interaction of the paramagnetic electron with the surrounding crystal.  Nevertheless, a 

magnetic resonance study of heteroepitaxial films, combined with SIMS and PL, 

convincingly associated an isotropic ~15 mT peak-to-peak broad (ΔBpp) resonance  at 

24 GHz having g∥ = 2.08 and g⊥ = 2.00  with the Mg acceptor [78–80].  The 1.6 K PL 

spectra of Mg-doped GaN thin-films revealed a broad emission centered at 3.0 eV.  By 

performing optically detected magnetic resonance (ODMR) on all PL emission processes 

from 2.73- 3.02 eV, a paramagnetic defect with g∥ = 2.080 ± 0.01 and g⊥ = 2.000 ±

0.01 was observed for exclusively Mg-doped GaN. 
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1.7 Motivation for Research 

Currently, research in GaN leaves the ground state of the uncompensated Mg 

acceptor as a controversial topic.  Initial experimental work by Alves et al. and 

computational work by Lyons et al. predicted that the hole was localized on an axial N 

neighbor or delocalized equally to all four N neighbors [81,82].  Later, experimental 

ODMR measurements by Glaser et al. and Aliev et al. showed that only a basal-oriented 

hole could explain both low and high basal-strain samples [83,84].  Adding to the 

complication, more recent computational papers reveal three potential candidates for the 

ground state of uncompensated Mg [77].  Without a consensus to the nature of the Mg 

acceptor ground state, it is difficult to advance p-type properties in GaN – with Mg being 

the only successful p-type dopant in GaN.  Therefore, the motivation of this work is to 

provide additional evidence for the “true” ground state of Mg. 

Although computational DFT calculations cannot determine the ground state from 

three possible options, analysis from the EPR experiments in this dissertation require that 

the hole be mostly localized on basal atoms.  The model of the Mg acceptor derived from 

experiment thus far states that the hole prefers a basal localization and is subject to the 

non-uniform strain created by the crystal growth conditions.  However, the model is based 

solely on one parameter, the EPR g-factor. Another feature of the EPR that can be analyzed 

is the intensity.  A comparison of the EPR intensity with that predicted by the crystal field 

model was limited in the past by the small variation observed in the spectral intensity of 

heteroepitaxial films and low signal-to-noise ratio observed for homoepitaxial films. 

However, the significantly improved signal-to-noise ratio and highly anisotropic spectral 

intensity provided by thick free-standing Mg-doped crystals provides an opportunity to test 
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the crystal field model and the important conclusion regarding the localization and 

symmetry of the Mg hole.  

In addition to probing the local symmetry of the Mg acceptor, the non-uniformity 

of the basal crystal field in free-standing HVPE samples can be investigated.  Although 

basal strain has been investigated for bulk GaN, as reported by Freitas et al., little is known 

about the local environment surrounding the Mg acceptor [85].  Reshchikov et al. reported 

“potential fluctuations” in HVPE free-standing GaN:Mg samples from PL measurements, 

stating that the non-uniformity of the crystal fields alter the ultraviolet luminescence (UV) 

band maximum [86].  Glaser et al. observed the neutral Mg in homoepitaxial thin-films via 

ODMR and described the signal to have a strong angular dependent lineshape [83].  Zvanut 

et al. were able to describe the angular dependent lineshape of the Mg-related EPR signal 

by a distribution of paramagnetic centers with differing g-factors caused by a non-uniform 

basal crystal field around the Mg acceptor [87].  In this work, we investigate these claims 

of a non-uniform basal crystal field via frequency-dependent EPR measurements.  We also 

examine the crystal bowing and EPR spin-relaxation impact on the EPR 

frequency-dependent linewidth.  

The previously mentioned studies are based on the premise that the magnitude of 

local basal crystal fields influence several EPR characteristics of the uncompensated Mg 

acceptor.  By investigating Mg0 in a wide variety of different local environments, we can 

compare EPR experimental results to the characteristics predicted in a basal-N model.  For 

example, by alloying GaN with In or Al, many of the bulk crystalline properties have been 

observed to change in XRD, Raman, and PL.  To investigate the impact of alloying and 

assign a physical connection to the characteristics of the resulting EPR parameters, 
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MOVPE grown AlxGa1-xN samples were studied with x ranging from x = 0 to x = 0.28.  

Also, different mechanisms for a strong basal crystal field on Mg0 can be studied in p-type 

ammonothermal GaN:Mg samples, which are measured to have a small bi-axial strain but 

predicted to contain a  large crystal field due to a high concentration of compensated donor 

sites.   

1.8 Overview of Chapters 

Progress in doping-related phenomena, such as increasing p-type electrical 

properties in GaN, often depend on diagnostic tools for assessing the presence and 

properties of dopants.  Most techniques that characterize GaN:Mg  determine properties of 

the bulk material but are unable to provide specific information about the local environment 

surrounding the Mg acceptor.  Further development of a Mg0 model will benefit from the 

quantitative data that can be extracted from EPR spectroscopy measurements and assist 

materials scientists in further characterization of their grown crystals.  

In this work I show novel experiments and calculations that reveal additional 

information about the local symmetry of the Mg acceptor.  In order to interpret the results 

from the conducted research, Chapter 2 gives an introduction to the experimental 

techniques used, mostly focusing on electron paramagnetic resonance (EPR).  The theory 

for calculating an effective g-factor for a given paramagnetic system is discussed along 

with common EPR broadening mechanisms.  In section 2.7, more specific arguments are 

made against the Mg hole localized to an axial hole.  

Chapter 3 provides information specifying experimental parameters.  All samples 

used in the study are described and some of their basic crystal properties are presented in 
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Table 3.1.  The EPR experimental setup for both X-band and frequency-dependent 

measurements are described, along with XRD and Raman measurements.  

Chapter 4 presents and discusses the findings of all the experimental research 

conducted.  A crystal field model is introduced and applied to the samples in this study to 

understand the Mg acceptor in different bi-axial strain environments [84].  I also determine 

the crystal quality impact on EPR experimental results, specifically the c-axis crystal 

curvature on the EPR frequency-dependent linewidth.  Lastly, I introduce 

temperature-dependent EPR linewidth data and discuss potential explanations that would 

be consistent with the crystal field model.  The work presented contributes more evidence 

that the Mg-acceptor is localized to a basal plane in GaN.  

Chapter 5 summarizes the results and discusses the physical implications of the 

experiments.  I also suggest additional experiments which could be done if the appropriate 

resources become available. 

 

.   
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

2.1 EPR Spectroscopy Basic Applications 

The most common conversations I have at conferences and with colleagues is “I 

don’t understand EPR spectra at all.  Why does the y-axis have no units?  What does each 

peak in a spectra mean?  Why are you always so interested in this g-factor parameter and 

what does it mean?”.  Throughout this section I will attempt to answer these questions and 

provide the appropriate amount of information required to interpret my findings reported 

in Chapter 4. 

Electron paramagnetic resonance (EPR) spectroscopy is a tool for studying systems 

with non-zero spin angular momentum, being commonly employed in biology, chemistry, 

and physics. The main appeal of EPR is its ability to probe the local environment of a 

center, leading to very specific insight into local interactions and determination of spin 

density on atomic sites.  Understanding EPR spectra often requires an analysis of the 

energy levels for a given system determined by appropriate modeling from the surrounding 

environment.  For example, a nuclear spin I ≠ 0 near the paramagnetic center can cause 

additional spectral peaks, or the local symmetry of the environment surrounding the 

paramagnetic center will impact the angular dependence in EPR spectra.  Another 

important property of EPR spectra is that the intensity of a signal is directly proportional 

to the total number of paramagnetic centers in the sample, so that total number and average 

concentrations of a specific defect can be determined.  The accuracy of determining 
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concentration varies depending on several variables, but for Mg in GaN the error is 

approximately 50%. Due to the quantitative nature of the spectroscopy, EPR is commonly 

used for species identification and characterization of point defects.  Below is a discussion 

of the simplest case that results in an EPR signal, a single electron exposed to an external 

magnetic field. From there we will build up to what is required to effectively understand 

my research, but in no way is a comprehensive examination on the topic of EPR.  

2.2 Zeeman Effect for S = ½ System 

An unpaired electron has a net spin magnetic dipole moment µs= -ge(e/2m) S with 

a corresponding spin quantum number S=½. When exposed to an external magnetic field 

Bo, the magnetic moment from the electron aligns itself either parallel (ms=½) or 

anti-parallel (ms=-½) to the direction of the field. The energies of the two discrete states 

are quantized by the Zeeman interaction term specified by the electron magnetic moment 

𝝁𝒔 = 𝜇𝐵𝑔𝑒𝑺 and external magnetic field B, H= - µs·B with eigenvalues  

 

 𝐸 = 𝜇𝐵𝑔𝑒𝐵𝑜𝑚𝑠 (2.1) 

 

where µB is the Bohr magneton ge is the g-factor for a free electron which is approximately 

2.0023, and Bo is the applied external magnetic field [88].  As the external magnetic field 

increases in magnitude, the energy differences between the two spin states linearly 

increases as shown by plotting Eq. (2.1) for ms = ± ½  in Figure 2.1 (a).  An unpaired 

electron can transition between the parallel and anti-parallel states by the absorption of a  
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Figure 2.1. (a) The energy splitting between spin states due to the Zeeman effect and the 

(b) resulting (i) absorption and (ii) derivative EPR spectra for a S=1/2 system. Bo is the 

magnetic field at peak of the EPR absorption or zero crossing for a derivative scan. 

 

photon in the microwave region when the energy difference between states ΔE is equal to 

the photon energy, i.e.  

 

 Δ𝐸 = 𝜇𝐵𝑔𝑒𝐵𝑜𝑚𝑠 = ℎ𝑣 (2.2) 

 

where h is Planck’s constant and v is the frequency related to the photon.  Eq. 2.2 is often 

referred to as the “EPR resonance equation”.  For a free electron, this spin transition occurs 

at a magnetic field of about 3350 Gauss when using a frequency source of 9.5 GHz.  

The corresponding EPR absorption spectrum for a transition is shown in (i) of 

Figure 2.1 (b).  The magnetic field Bo represents where the peak of the absorption occurs, 

or, in the case of a derivative mode spectrum, shown in Figure 2.1 (b-ii), the zero-crossing.  

The majority of EPR spectrometers don’t measure the absorption A of microwaves, but 

instead measure the change in microwave absorption with respect to magnetic field (dA/dB) 
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by means of phase sensitive detection (PSD). To quickly summarize the appeal of PSD, by 

modulating the static magnetic field at a specified reference frequency Ωo (typically 

100 KHz in EPR), the response of the system can be filtered at the reference frequency Ωo. 

By using PSD, the signal-to-noise ratio is significantly increased, and the derivative of the 

microwave absorption is recorded as seen in Fig. 2 (b-ii).  A more mathematical and 

detailed explanation can be found by D.P. Blair and P.H. Sydenham [89].   

2.3 The EPR g-factor 

For an unpaired electron at a defect in a crystal, the local environment induces 

interaction terms into the Hamiltonian.  The inclusion of a strong local magnetic field will 

alter the g-factor away from g = ge and the symmetry of those fields can be reflected in the 

EPR angular dependence. To describe these local fields, we start by expressing the 

complete Hamiltonian of the defect for a S = 1/2 spin system with no nuclear hyperfine 

interactions 

 

 𝐻 = 𝐻𝐾𝐸 + 𝐻𝑒𝑒 + 𝐻𝐶𝐹 + 𝐻𝑆𝑂 + 𝐻𝐵  (2.3a) 

 = 𝐻𝑜 + 𝐻′  

 𝐻𝑜 = 𝐻𝐾𝐸 + 𝐻𝑒𝑛 + 𝐻𝑒𝑒  (2.3b) 

 𝐻′ = 𝐻𝐶𝐹 + 𝐻𝑆𝑂 + 𝐻𝐵 (2.3c) 

 

where HKE is the kinetic energy, Hee is the interaction term from other electrons orbiting 

the same nucleus, HCF is the crystal field interaction, HSO is the spin-orbit coupling, and HB 

is the Zeeman interaction term which arises in the presence of an external magnetic field 
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specified in Eq. 2.1.  The first three terms are typically the starting point for guessing a 

good wave-function basis set to describe the defect.  The second set of terms, HCF, HSO, 

and HB are significantly weaker interactions.  In terms of energy magnitude, the first three 

terms are typically of the order of tens to hundreds eV depending on the system, while all 

subsequent terms are usually less than 0.1 eV.  Since there is such a large difference in 

interaction energy, we will let the rest of the terms in H be treated by perturbation theory 

using the energies and wavefunctions of Ho. The term HCF is the crystal field or “ligand 

field” term that describes the coulombic interaction of the defect with nearby ions 

approximated as point charges.  Since the exact form of HCF is dependent on the placement 

of the point charge “ligands”, HCF is therefore entirely dependent on the local point 

symmetry of the defect.  For the neutral Mg acceptor defect, the Mg substitutes a Ga site 

and is denoted as MgGa.  HCF for MgGa has tetrahedral symmetry with a trigonal distortion 

along the c-axis.  A theorem by Stevens states that the total momentum operators 𝐽𝑥 ,

𝐽𝑦 , and 𝐽𝑧 can be used to express the radial component of the crystal field state energies, 

which are generally written as a sum of  Stevens’ operators 𝑂̂𝑘
𝑞
 [90,91].  For ions in crystal 

field of intermediate strength, i.e. when the crystal field energy exceeds the spin-orbit 

coupling energy, then the  total momentum operators are replaced by angular momentum 

operators 𝐽𝑖 → 𝐿̂𝑖.  In GaN, the ground state of Mg0 will be S = ½ and we can write the 

relevant crystal field operators as  

 

 
𝐻𝐶𝐹 = −

2

3
𝐵4𝑂̂4

0 + 𝐵2
0𝑂̂4

0 (2.4a) 
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 𝐻𝐶𝐹 = Δ𝑧(𝐿̂𝑧
2 − 𝐿(𝐿 + 1) 3⁄ ) (2.4b) 

 

where the first term in Eq. 2.4 (a) is the cubic crystal field from tetrahedral symmetry and 

the second term is the trigonal crystal field.  For a S = ½ spin system, Eq. 2.4 (a) simplifies 

to Eq. 2.4 (b).  The Hamiltonian terms for the spin-orbit interaction HSO and interaction 

with an external magnetic field HB can be written as 

 

 𝐻𝑆𝑂 = 𝜆𝑳 ∙ 𝑺 (2.5a) 

 𝐻𝐵 = 𝜇𝐵𝑩𝑇 ∙ (𝑔𝑒𝑺 + 𝑔𝑙𝑳) (2.5b) 

 

Where the first term in Eq. 2.5 (b) is the Zeeman interaction term for an electron’s 

spin state, and the second term describes the magnetic interaction for the orbital 

momentum.  The variable gl is referred to as the covalency or orbital reduction factor and 

for the free electron case is equal to unity.  In molecules or crystals, gl can be reduced by 

an increased molecular orbital formation and can be used as a measure for wavefunction 

delocalization [92].  Later, in section 4.8, it will be discussed how gl can also be reduced 

through the dynamic Jahn-Teller effect. 

2.3.1 The non-degenerate case 

The intrinsic spin angular momentum of a free electron that characterizes its 

magnetic moment is related by a g-factor of 2.00232.  For free atoms, determining the 

magnetic moment requires the inclusion of an orbital momentum contribution and 

application of the Landé g-factor formula.  In molecules and crystals, however, the 
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unperturbed ground state of an orbitally non-degenerate spin system will have zero angular 

momentum.  By including the Hamiltonian interactions of 2.5 (a) and 2.5 (b), the ground 

state will be admixed with a small amount excited states. 

At this point, it is mathematically convenient to redefine the g-factor from a scalar 

to a 3x3 matrix, with the interactions of local fields transferred to 𝒈⃡   and wavefunctions 

being “effective” spin states.  The Hamiltonian is now expressed only as a spin Hamiltonian 

 

 𝐻 = 𝜇𝐵𝐁𝑻 ∙ 𝐠⃡ ∙ 𝐒 (2.6a) 

 𝐠⃡ = 𝑔𝑒𝕀⃡ + 2𝜆𝚲⃡   (2.6b) 

 
Λ𝑖𝑗 = ∑

⟨𝐺|𝐿̂𝑖|𝑛⟩⟨𝑛|𝐿̂𝑗|𝐺⟩

𝐸𝑛
(0)

− 𝐸𝐺
(0)

𝑛≠𝐺

 (2.6c) 

 

 Where 𝕀⃡ is the 3x3 identity matrix, |𝐺⟩ and |𝑛⟩ are the ground and excited states 

respectively, and 𝐸𝑖
(0)

 is the unperturbed energy.  In this viewpoint, the g-factor matrix 

elements are now a measure of the linear response between the energy of an effective spin 

state and the external magnetic field.  There will exist a coordinate system where the 

g-factor matrix is diagonal, which is referred to as the defect coordinate system, with 

principle values gx, gy, and gz.  Now for any given orientation between the defect coordinate 

system and the applied magnetic field, the observed g-factor can be expressed as 

 

 𝑔2 = 𝑔𝑋
2 cos2 𝜃𝐵,𝑋 + 𝑔𝑌

2 cos2 𝜃𝐵,𝑌 + 𝑔𝑍
2 cos2 𝜃𝐵,𝑍 (2.7) 
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Where θB,x, θB,y, and θB,z are the angles between the defect axis and static magnetic 

field.  Sometimes, the paramagnetic g-factor eigenvectors will coincide with the symmetry 

of the crystal field from the host crystal.  Experimental results for Mg0 in GaN have 

revealed that, to date, the crystal c-axis is the local symmetry axis; this results in two 

principle g-factors having the same value.  In literature this is traditionally chosen to be gx 

and gy.  In the case of axial symmetry systems, the principle g-factors are now denoted by 

gx = gy = g⊥ and gz = g∥.  To accurately obtain values for g∥ and g⊥, the sample should be 

rotated in a plane containing the symmetry axis, which is the c-axis for GaN:Mg.  The 

directions between the magnetic field and defect axes can now be expressed as  

 

 𝑔2 = 𝑔⊥
2 sin2 𝜃 + 𝑔∥

2 cos2 𝜃 (2.8) 

 

where θ is the angle between the c-axis and the static magnetic field.  Experimentalists will 

add an offset angle, i.e. 𝜃 → 𝜃+𝜃𝑜, to account for error in initial loading of the sample into 

the cavity, giving an improved fitting for g∥ and g⊥. 

 To give an example of the physical manifestations from Eq. 2.8, let us say that a 

defect with c-axis symmetry in a single crystal is measured in an EPR spectrometer.  We 

rotate the sample to change the angle between the c-axis and the external magnetic field B 

θ as shown in Figure 2.2 (a).  With each unique angle of θ, the zero-crossing Bo will 

correspond to an effective g-factor by rearrangement of Eq. 2.2 

 

 
𝑔(𝜃) =

ℎ𝜈

𝜇𝐵𝐵𝑜(𝜃)
 (2.9) 
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Figure 2.2. (a) Schematic of how samples are rotated for EPR angular dependent 

measurements. (b) Example stacked EPR spectra taken at different orientations between 

the crystal c axis and the external magnetic field B.  The zero crossing Bo from each 

spectrum is highlighted by a red circle and (c) the corresponding effective g factor is 

determined by application of Eq. 2.9. 

 

The corresponding spectra are plotted in Figure 2.2 (b) and the extracted g-factors are 

plotted as red circles in Figure 2.2 (c). We can now quantify the anisotropy of the g-factor 

defect  by fitting the parameters g∥ and g⊥ from Eq. 2.8 to the experimental g-factors.  In 

practice, verifying the symmetry of a defect requires rotation in three unique planes [88]. 

Examples of g-factor calculations starting from crystal field symmetries are shown 

in many textbooks [88,91].  Wertz and Bolton specifically deals with more complicated 

cases, such as orbital degenerate ground states and rare earth ions, where the spin-orbit 

coupling term is stronger than crystal field splitting, e.g. for rare-earth elements and the 

total angular momentum quantum number J is more appropriate than L or S to use in crystal 

field and Zeeman effect operators.  

2.4 The EPR Intensity 

By comparing the intensity of a standard with a known number of spins to a 

researcher’s unknown sample, the number of spins can be calculated [88].  In practice, the  

intensity of a given paramagnetic center is the value of the double integral of an EPR 

(a) 
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Figure 2.3. (a) An example EPR spectra taken in derivative mode, (b) its corresponding 

integral with respect to the magnetic field strength B, and (c) the second integral with 

respect to B. 

 

spectrum as shown in Figure 2.3.  Typically, most of the error from calculating EPR 

concentrations comes from numerical intensity errors, and, on thin-films, accurate volume 

calculations.  For the case of transitions with a Lorentzian lineshape, which best describes 

the Mg-related EPR signal in thin-films, the area under the curve converges slowly, 

introducing a 10% error when taking integration limits ± 10ΔBpp where ΔBpp is the peak-

to-peak linewidth of a given transition [93].  In the case of free-standing GaN:Mg samples, 

it will be shown in the results and discussion that the EPR intensity is angular dependent 

and will create additional error into concentration calculations. 

2.5 Linewidth Broadening Mechanisms 

2.5.1 Spin-relaxation 

Another aspect of EPR in solids that needs to be addressed is energy flow rates. 

EPR spectra are heavily influenced by how excited spin states relax to lower energy states. 

The two most common processes for spin relaxation are spin-lattice T1 and spin-spin T2 

mediated. The dominant mechanism for relaxation is dependent on the local environment, 
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for example an electron spin relaxation can be dependent on the availability of local spins 

or lattice vibrational modes for energy transfer.  Many spin-relaxation mechanisms have 

been well documented and include dipolar interactions between like spins, and the motion 

of charged carriers in the microwave field [94].  

 If the electron spin relaxation time τ is very long, low microwave power is required 

to avoid saturation effects. In the opposite case of very small τ, lifetime broadening can 

make transition too broad for detection. Many spin-lattice relaxation mechanisms are 

inversely related to temperature and cooling down the spin system to lower temperatures 

is often sufficient to narrow the signal and enable detection. There have been several papers 

calculating T1 and T2 by cw-EPR by means of microwave power experiments. 

Alternatively, pulsed EPR measurements allow for much easier extrapolation of T1 and T2 

but may be more experimentally difficult due to small sample requirements and thus a 

smaller signal/noise.  

2.5.2 Hyperfine broadening 

If an electron is in the vicinity of a nucleus with non-zero spin, Eq. 2.1 will be 

modified to account for the electron-nuclear magnetic dipole interaction 

 

 𝐸 = 𝜇𝐵𝑔𝑒𝐵𝑜𝑚𝑠 + 𝐴𝑚𝐼𝑚𝑠  (2.10) 

   

Where mI is the nuclear spin state and A is the electron-nuclear coupling strength.  

For a S = ½, I = 1/2 system, there are now 4 possible quantum states, |𝑚𝑠, 𝑚𝐼⟩ = | −
1

2
, ±

1

2
⟩ 

and | +
1

2
, ±

1

2
⟩. Due to quantum transition rules, the quantum number transitions ΔmI=0 
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and Δms=1 must be obeyed, so there are now two transitions that are spaced a magnetic 

field approximately A/gμB apart [88].  Coupled with spin-relaxation or other broadening 

mechanisms, hyperfine coupling can cause significant EPR spectral broadening.  In the 

case of Mg0 in GaN, many hyperfine coupling schemes can be modeled since both Ga and 

N are nearly 100% I ≠ 0.  Additionally, two isotopes of Ga exist, causing two different 

hyperfine coupling terms A.  For example, if the hole is localized to a single N I = 1 atom, 

then the number of transitions will increase from one in the case of no hyperfine to three.  

If the hole is localized to multiple nuclei, each coupling with slightly different Ai, then all 

the hyperfine transitions will be smeared into one broad signal. This is the prevailing 

explanation for the broad 15 mT peak-to-peak linewidth seen in Mg0.   

2.6 Details of Experimental Setup 

The experimental setup of a basic continuous wave EPR system can be broken into three 

main steps: production of microwaves of a fixed frequency, absorption of the microwaves 

by the sample in a resonant cavity, and detection of photons reflected.  Below is an 

extremely simplified description of an EPR spectrometer and is only intended to explain 

the key processes.  For a more information, C. Poole’s book Electron Spin Resonance goes 

into detail of waveguides, resonant cavity geometries, and detection analysis [95].  A 

general schematic for our EPR system is shown in Figure 2.4.  
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Figure 2.4. Basic EPR spectrometer schematic. 

 

2.6.1 Before the cavity 

Photons are produced in the bridge by a Gunn diode, with the frequency output 

determined mostly by the properties of the diode, and for EPR spectrometers typically in 

the 9-10 GHz range, corresponding to a wavelength of 30-33 mm.  To vary the power 

output, the microwaves go through a variable attenuator and travel to the cavity via 

waveguides. 

2.6.2 The cavity and resonance 

The microwaves then arrive at the resonant cavity. The dimensions and shape of 

the cavity dictate the frequencies that resonate within the cavity.  This cavity is designed 

specifically to maximize the magnetic field and minimize the electric field amplitude of 

the microwave at the location of the sample.  This maximizes the EPR signal intensity.  A 

thorough investigation of cavity designs are documented well in Poole [95].  After some 

minor tuning, the microwave frequency should ideally match the resonant frequency of the 

Bridge Waveguide 

Magnet Poles 

Cavity 
and  

Sample 
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cavity and the net impedance of the waveguides should match the impedance of the cavity, 

doing so minimizes the number of microwaves reaching the detector when not in 

resonance. 

2.6.3 Detection 

Once a spin transition occurs, i.e. when the Zeeman energy difference in spin states 

equals the microwave energy, resonance occurs and the sample absorbs microwaves.  

Specifically spins transition from ms =-1/2 to +1/2 and change the magnetic susceptibility 

of the sample.  This shift in cavity conductance causes a change in the number of 

microwaves leaving the cavity and heading to the detector; these reflected microwaves are 

directly related to the imaginary part of the magnetic susceptibility.  The number of 

microwaves reaching the detector changes and produces a signal which is then recorded.  

Detectors are often Si-based photo-diode detectors that measure the number of microwaves 

reflected from the cavity.  For this reason, the y-axis of a typical EPR spectrum, e.g. Figure 

2.1 (b) (ii) can technically be labelled as the first derivative of the imaginary part of the 

magnetic susceptibility.  The intensity, spacing, angular dependence, lineshape, and 

number of peaks in a spectrum provide information about local interactions related to the 

paramagnetic center. 

2.7 Other Techniques 

2.7.1 Raman Spectroscopy 

Raman spectroscopy is a non-destructive technique used to probe low frequency 

modes in a system, such as rotational or vibrational motion.  Based on inelastic scattering 

of a monochromatic light source, the change in energy will give information directly 
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pertaining to a specific mode of the system.  In single crystals, these energy shifts will be 

sharp and will pertain to the vibrational modes of the crystal.  Many of the vibrational 

modes are sensitive to the polarization of the incoming light and can be a straightforward 

method to identify the crystallographic orientations of a sample.  More importantly, some 

of the vibrational modes have been directly linked to bulk crystal properties.  In GaN, 

Raman spectroscopy has been shown to determine bulk bi-axial strain from the shift of the 

E2
2 vibrational mode and relative free-carrier concentration from the A1(LO) mode [51,52]. 

2.7.2 X-ray diffraction 

X-rays incident on a material will scatter elastically, primarily from the electrons.  

The majority of scattered X-rays will cancel each other in most directions from 

deconstructive interference.   If, however, the change in path length between scattered 

x-rays is equal to an integer multiple of the wavelength, then the photons will add 

constructively and produce a diffraction pattern, known as Bragg’s Law, or  

 

 2𝑑 sin 𝜃 = 𝑛𝜆 (2.11) 

 

where d is the separation distance between scattering centers, θ is the scattering 

angle, and λ is the wavelength of the X-ray.  In crystals, the two scattering centers are 

planes, usually intersecting the centers of atoms within the lattice.  The identification of a 

specific plane diffraction pattern is determined by its orientation, defined in Miller indices 

(h, k, l), and periodicity length d, which is related to the crystal lattice constants.   
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By knowing the bulk elemental constituents of a crystal, gallium and nitrogen for 

GaN, diffraction intensities from a specified (h, k, l) plane can be calculated via means of 

a “structure factor” S(q).  For single crystals if the angle between the incident x-ray and/or 

detector changes at the same rate, a situation referred to as a θ-2θ scan, planes parallel to 

the surface will produce a diffraction pattern.  Crystals, however, are rarely comprised of 

perfect repeating planes of atoms and usually contain detectable amounts of misorientation.  

By fixing the detector at the center of an expected Bragg reflection and tilting the sample, 

a process known as an omega rocking curve, the deviation of plane orientations from the 

ideal can be quantified.  For epitaxial-grown single crystals, the lattice can become 

spherically curved throughout a sample, with the amount of curvature quantified by the 

radius of curvature rc.  By varying focused incident x-rays on different parts of the wafer, 

the radius of curvature can be quantified as 

 

 
𝑟𝑐 =

Δ𝑥

Δ𝜔𝑝𝑒𝑎𝑘
 (2.12) 

 

where Δx is the change in sample position, and Δωpeak is the change in the rocking 

curve peak position in radians. 

2.8 Controversy with an Axial Localized Mg Hole 

Initially, DFT computations predicted that the hole was localized on a neighboring 

axial nitrogen atom [82].  Experimental magnetic resonance results on heteroepitaxial 

thin-film samples agree with the ground state hole on an axial nitrogen neighbor, with the 

added requirement that the hole was delocalized partially both to neighboring basal 
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nitrogen atoms and to nearby molecular orbitals [81].  Variation of g-factors seen between 

different thin-film samples is explained by either a change in covalency factor gl or trigonal 

crystal field magnitude δ .  Several significant results have now added controversy to the 

nature of localization of the Mg acceptor.  Firstly, Glaser et al. attributed a highly 

anisotropic signal with g∥ = 2.19 ± 0.01 and g⊥ ~ 0 seen in homoepitaxial films to the Mg 

acceptor involved in the shallow donor – shallow acceptor PL band with zero-phonon-line 

at 3.27 eV and accounted for the different EPR g-factor characteristics by the relief of 

non-uniform strain inherent to heteroepitaxial films [83].  While the g-factor anisotropy 

could be effectively modeled in heteroepitaxial thin-film samples, where the magnitude of 

δ is expected to be large, the g-factor anisotropy observed in low strain homoepitaxial films 

were not able to be effectively described in a model where the hole is localized to the 

neighbor axial N atom.  Secondly, both PL measurements and DFT calculations provide 

evidence that the Mg hole is well localized.   

As an alternative, Aliev et al. applied a crystal field model to the hole at the Mg 

acceptor in GaN and demonstrated that signals seen in the heteroepitaxial and 

homoepitaxial films could be adequately described by a hole residing on a basal nitrogen, 

labelled B in Figure 1.2 (b).  The model, further referred in this text as the basal-N model, 

used atomic p-orbitals that were subjected to a non-axial crystal field and 0.04 < gl < 0.1.  

Equivalently, Malyshev arrived at a similar conclusion employing localized valence band 

wave functions and treating the Mg hole as a shallow acceptor  [96].  Both models suggest 

that the hole is mostly basal, rather than axial.  By modeling the Mg0 hole residing on basal 

sites, thin-film and free-standing GaN:Mg EPR g-factor experimental values can be well 

explained by a difference in the magnitude of the surrounding non-axial crystal field.  It 



36 

 

 

should be noted that there is no conclusive experimental evidence that requires that the 

Mg0 hole resides on a basal nitrogen site, just that the hole is on basal atomic sites. 

 In literature, the g-factor symmetry and anisotropy had been the only 

experimental evidence that supports the Mg0 hole being localized to basal sites as opposed 

to an axial localization. Recently, however, the significant angular dependent EPR 

lineshape broadening characteristics had been effectively described by application of the 

basal-N model.  The lineshape broadening is particularly evident in the EPR studies of free-

standing crystals reported in reference 87.  The observations were attributed to non-uniform 

bi-axial strain that was minimized in the thick free-standing crystals and maximized in thin 

heteroepitaxial films.  Evidence for non-uniform strain in the EPR spectra implies that such 

strain directly affects the Mg acceptor.  

My work, shown in the next chapters, addresses the disagreement around the 

symmetry of the Mg0 acceptor in GaN.  By performing experiments on GaN:Mg samples 

in a variety of crystal field environments, I show that only a basal model can correctly 

predict the anisotropic intensity in addition to the g-factor anisotropy. Furthermore, a 

non-uniform bi-axial crystal field is determined to be the dominant mechanism for the 

anisotropic lineshape in free-standing HVPE samples, which is consistent only in a basal 

model.  The hole being localized to an axial nitrogen is discussed but is not effective in 

predicting the EPR characteristics of Mg0 in a small bi-axial crystal field.   
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CHAPTER 3 

EXPERIMENTAL PARAMETERS 

3.1 Summary of Samples 

All GaN:Mg samples used in this study were grown heteroepitaxially on sapphire 

substrates except for the ammonothermal-grown samples.  Thin-film samples were grown 

by metal modulated epitaxy (MME) by Dr. A. Doolittle, metal-organic vapor phase epitaxy 

(MOVPE) by Dr. A.A. Allerman, hydride vapor phase epitaxy (HVPE) by Drs. J. Leach 

and K. Udwary, or ammonothermal by Dr. M. Bockowski.  The Mg concentration in the 

MME sample is 1.5x1020 cm-3 and that in the MOVPE film is 5x1019 cm-3 as measured by 

SIMS. AlxGa1-xN:Mg from x = 0 to x = 0.3 MOVPE heteroepitaxy 0.5 µm thin-films with 

a 1.3 µm AlN buffer layer were also investigated.  A collection of millimeter-thick crystals 

grown on sapphire by hydride vapor phase epitaxy (HVPE) was also studied with Mg 

concentrations varying from 4x1017-6x1018 cm-3.  As the HVPE sample cooled after 

growth, the GaN separated from the substrate due to thermal stress and was polished, 

resulting in free-standing GaN doped with 3.0 x 1018 cm-3 Mg.  GaN:Mg seed-grown 

ammonothermal samples were also investigated. The detailed growth process and 

additional characterization was described in previous sections and in other work  

[30,37,87,97].  Dopant concentrations, GaN:Mg sample thickness, and expected 

dislocation density are summarized in Table 3.1.  Reported dislocation densities are 

determined via XRD rocking curve linewidths. 
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Table 3.1. A list of the samples used for this work. Impurity concentrations were 

determined via SIMS. *Not measured but based on growth conditions; these are the 

estimated values. 

Growth method Sample No. Thickness 

(µm) 

Mg  

(1018 cm-3) 

Threading 

Dislocation 

density (cm-2) 

O 

(1017 cm-3) 

HVPE  

free-standing 

HVPE-1 1000 1.5 <107 0.2 

HVPE-2 1000 6 <107 0.2 

HVPE-3 1000 3 <107 0.2 

HVPE-4 1000 0.4 <107 0.2 

Ammonothermal 

free-standing 

AMMO-1 430 2.1 5x104 0.88 

AMMO-2 661 7.2 5x104 2.6 

AMMO-3 567 19 5x104 15 

HVPE  

thin-film 

HVTF-1 12 10* 109* 0.2* 

HVTF-2 6 10* 109* 0.2* 

MOVPE 

thin-film 

MOVPE-1 0.47 30 109 0.3 

MOVPE-2 0.9 30 109 0.3 

MOVPE-3 0.9 30 109 0.3 

MOVPE-4 0.5 30 109 0.3 

MME  

thin-film 

MME-1 0.37 150 <1010 0.1* 

MME-2 0.48 150 <1010 0.1* 

MME-3 0.42 150 <1010 0.1* 

MME-4 0.24 200 <1010 0.1* 

 

3.2 X-band EPR 

Angular-dependent EPR measurements were performed at 3.5 K using an X-band 

Bruker EPR spectrometer with the static magnetic field in a plane containing the c-axis, as 

the schematic shows in Figure 3.1.  The microwave magnetic field was oriented 

perpendicular to the static magnetic field.  The angular-dependent zero-crossing of the 

Mg-related EPR signal was fit to a model with axial symmetry along the c-axis.  The g-

factors are determined from the standard resonance condition:  
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Figure 3.1. Schematic of how samples are rotated for EPR angular dependent 

measurements. 

 

hf =  μB𝐁   𝑻 ∙ 𝐠⃡ ∙ 𝐒  (3.1) 

 

where h is the Planck constant, f is the microwave frequency, μB is the Bohr magneton, and 

𝐠⃡ is the g-factor matrix for the defect. The corresponding g-factor matrix anisotropy for 

Mg in GaN can be expressed with two physical parameters intrinsic to the paramagnetic 

defect given by the equation 

 

 g2 = g∥
2 cos(θ − θo)2 + g⊥

2 sin(θ − θo)2 (3.2) 

 

where θ is the angle between the c-axis and the static magnetic field B, g|| and g⊥ 

are the g-factors with the static field parallel and perpendicular to the c-axis, respectively, 

and θo accounts for initial sample misalignment. The intensity of the EPR signal was 

determined by numerical double integration, as described in section 2.4, and included 

baseline subtraction. The relative uncertainty is estimated to be 10%.  
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3.3 EPR Frequency Dependent Measurements 

EPR frequency dependent measurements were performed at 3.0 K in the range of          

37-130 GHz at the National High Magnetic Field Laboratory (NHMFL) in the laboratory 

of Dr. Steven Hill.  Jonathan Marbey operated the equipment with experimental design and 

discussion from me.  Microwave frequencies were generated using an ABmm Millimeter-

wave Vector Network Analyzer in conjunction with a series of Shottky diodes to achieve 

harmonic multiplication as described by M. Mola et al. [98]. The experiment was carried 

out in a transmission set up to avoid any distortion of the spectral line shape that would 

otherwise be present in a typical cavity perturbation measurement where the sample 

exhibits strong dispersion.  Similar to X-band EPR, a lock-in amplifier was used to increase 

the signal-to-noise ratio and is described in the EPR detection section 2.5.3 of this 

document.  Phase-amplitude mixing was minimal, but nevertheless corrected for in post-

processing data analysis. Transmission line-shapes were fit to a Lorentzian function and 

the full width at half maximum (FWHM) is reported.  I also observed frequency-dependent 

linewidth results from absorption cavity EPR systems in other HVPE Mg-doped free-

standing samples.  There was significant concern that the samples from absorption-mode 

measurements were overloading the cavity and creating instrumentally distorted 

lineshapes, therefore only transmission EPR frequency-dependent measurements are 

shown in this work.  

3.4 X-ray Diffraction 

X-ray rocking curves were taken for the (002) and (006) plane at points laterally 

across a 14 mm length for HVPE free-standing and MOVPE thin-film samples, as shown 
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in Figure 3.2 to determine the radius of curvature rc, a method applied successfully by other 

authors and described in section 2.6.1 [99].  For given rc and sample dimensions, a solid 

angle was calculated and the resulting variance in g-factors, Δg, was determined from 

differentiating Eq. 2.7. Taking the derivative of the resonance equation 3.1 for magnetic 

field zero-crossing Δg can be related to the EPR linewidth ΔB  

 

 
Δ𝐵 =

2ℎ𝜈

𝜇𝐵
(

1

g − Δg
−

1

g + Δg
) (3.3) 

 

 

 

Figure 3.2.  Image of HVPE sample with the c-axis pointing out of the picture. Each circle 

represents a point where XRD rocking curves were performed. 

 

 

The distribution of Δg from crystal curvature gives rise to a frequency dependent linewidth 

and was compared to the experimentally observed frequency dependent linewidth. 
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3.5 Computational Procedure 

The angle-dependence of the g-factor and spectral intensity are determined by the 

axial crystals field Δz, non-axial field Δx, spin-orbit coupling λ, and orbital g-factor gl as 

shown in the Appendix.  In the present work, we optimize Δx to best fit the calculated and 

experimental angular intensity dependent data and report the subsequent g-factor 

anisotropy.  To calculate EPR intensities and g-factors, wavefunctions were calculated 

using 2p orbitals and applying the Hamiltonian used by Aliev et al. that successfully 

explained the Mg g-anisotropy [84] 

 

𝐻 = Δz[L̂z
2 − l(l + 1)/3] + Δx[L̂x

2 − l(l + 1)/3] + λ𝐋 ∙ 𝐒 (3.3) 

 

EPR g-factors were computed by using  

 

g𝑥 = 2|⟨i|(geŜx + glL̂x)|j⟩| 

gy = 2|⟨i|(geŜy + glL̂y)|j⟩| 

gz = 2|⟨i|(geŜz + glL̂z)|i⟩| 

(3.4a) 

(3.4b) 

(3.4c) 

 

where ge is the free electron g-factor factor of 2.002319, gl is the orbital reduction factor, 

and |𝑖⟩ and |𝑗⟩ are the degenerate ground state wavefunctions obtained from Eq. (3.3) 

[100]. To maintain the observed axial symmetry, gx≈gy =g⊥, the axial crystal field was 

constrained such that |∆z| ≫ |λ| and |∆z| ≫ |Δx|.  Additionally, the sign of the axial crystal 

field was negative and gl = 0.10 so that calculated g-factors could match the experimental 
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anisotropy, as explained by previous authors [84].  In the spin-orbit coupling term, λ was 

chosen to be  -1 meV, in agreement with the factor found in homoepitaxial GaN  [101].  

The axial field values in the first term were -5 meV and -15 meV for the free-standing and 

thin-film calculations, respectively. These axial crystal field values are similar to those 

found from photoreflectance spectroscopy reports in GaN thin-films[102].  A potential 

explanation for the small orbital reduction factor gl and spin-orbit coupling term λ is 

electron-phonon coupling in the form of a dynamic Jahn-Teller effect, as suggested by 

previous authors and discussed further in section 4.8 [96,103].  

The EPR intensity was calculated by  

 

 
𝐼 ∝ |⟨𝑖′′|𝐻𝑚𝑤|𝑗′′⟩|2 (

𝑑(𝐸𝑖 − 𝐸𝑗)

𝑑𝐵
)

−1

 (3.5) 

 

where the first term is the transition matrix element due to the perturbing microwave field 

and the second term is the frequency-to-field conversion factor which is proportional to 1/g 

[104,105].  The dipole moment operator associated with the microwaves incident on the 

sample is Hmw = μBB1g⊥Ŝ⊥, where B1 is the amplitude of the microwave magnetic field.  

First order corrections to the ground states |𝑖⟩ and |𝑗⟩ used previously were calculated and 

are reported here as |𝑖′′⟩ and |𝑗′′⟩. Second and third order correction terms were inspected 

but were too small to affect the results.  Full computational characterization of the Mg 

acceptor EPR properties are summarized in the appendix. 
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3.6 Data Fitting 

For much of the analysis in this work, data are fit to closed form functions with k 

parameters f(x;ak) and the parameters of those functions are interpreted.  The best fit to a 

function is determined by varying the function’s parameters ak and finding the minimum 

value of chi-square χ2 which is defined as   

 

 

𝜒2 = ∑
(𝑂𝑖 − 𝑓𝑖(𝑎1, 𝑎2, … . ))

2

𝜎𝑖
2

𝑁

𝑖=1

 

 

(3.6) 

 

where Oi is the observed (experimental) data point, fi is the calculated data point, with 

variance σi for a given data point from a set of N data points.  For example, in this work 

the g-factor anisotropy was fit by using Eq. 2.9 as the function and the parameters g∥ and 

g⊥ were determined by minimizing Eq. 3.6. The simplex method was applied via the 

OriginPro 8 to vary the parameters ak and find the minimum χ2 for a given dataset and 

function. In all simplex fitting, the maximum number of iterations was set to 400 with a 

relative tolerance of 1x10-9. 

 When optimizing Hamiltonian parameters to extract crystal field values, no 

closed-form expression exists for the calculated angular dependent g-factor or EPR 

intensity and the simplex method cannot be applied.  Additionally, when fitting a singular 

EPR lineshape to multiple peak functions, the number of variables and parameter space is 

too great and the simplex method fails to return good fits.   In this case, a modified genetic 
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algorithm similar to the method discussed in Y.J. Cao et al. was applied to vary parameters 

and minimize χ2 [106].  
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

Reported below are the findings of Mg-doped GaN samples from EPR experiments.   

The best fit g⊥ and g∥, impurity concentrations, and GaN:Mg thickness are reported for all 

samples used in the study shown in Table 4.1.  By varying the bi-axial crystal field 

magnitude in a crystal field model, we are able to predict the g-factor anisotropy in a wide 

variety of strain environments (section 4.2) [84,96].  In further development of the crystal 

field model, it is shown that the change in crystal field magnitude alters the EPR anisotropic 

intensity (section 4.3).  Finally, the presence of a non-uniform field throughout a sample is 

demonstrated to produce an anisotropic linewidth (section 4.6).  Other 

frequency-dependent linewidth broadening mechanisms were investigated and shown to 

not contribute significantly to the experimentally observed broadening (section 4.7).  

Finally, the EPR temperature dependence is shown in section 4.8 with some conjecture 

about the mechanisms of broadening. 

4.1 EPR g-factors 

4.1.1 Thin-film samples 

The 9.4 GHz EPR angular dependence of the g-factor seen in the μm-thick 

heteroepitaxial thin-films and mm-thick free-standing GaN:Mg samples are similar to 

those reported by others and is identified as being related to the neutral Mg acceptor.  The 

measured SIMS Mg concentration, GaN:Mg sample thickness, and fit g⊥ and g∥ are 
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summarized in Table 4.1.  An example resonant magnetic field Bo at two different crystal 

orientations for a MOVPE sample is shown by red dots in Figure 4.1 (a).  The EPR Mg0 

signal is well described as a S = 1/2 spin center with a peak-to-peak linewidth of 15 mT.   

By applying the EPR resonance condition Equation 2.2 the EPR g-factor values can be 

calculated for a given defect.  The EPR g-factor angular dependence for typical thin-film 

MME (black squares), MOVPE (red circles), and HVPE thin-film (blue triangles) samples 

are shown in Figure 4.1 (b). The solid lines represent best fits of Eq. 3.2.  Thin-film 

MOVPE g-factors were determined to be g|| = 2.08 and g⊥ = 1.99 and those of the MME 

sample, g|| = 2.06 and g⊥ = 2.01, similar to results found in the literature [83,107].  The 

HVPE thin-film could not be measured in the range 60-120o due to an increasing 

background interference from the  signal and therefore the fit g⊥ is not as precisely known.  

The anisotropic background is predicted to originate from a conducting layer at the 

substrate-film interface, discussed in several papers [108,109].   
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Table 4.1. Growth method, SIMS Mg concentration, and fit EPR g-factor parameters for 

samples used in this study. *Not measured, but based on growth conditions; these are the 

estimated values.   

Growth method Sample No. Thickness 

(µm) 

Mg  

(1018 cm-3) 

g|| g⊥ 
 

HVPE  

free-standing 

HVPE-1 440 1.5 2.22(1) 0.26(5) 

HVPE-2 800 6 2.21(1) 0.42(6) 

HVPE-3 1000 3 2.183(7) 0.28(4) 

HVPE-4 1000 0.4 2.182(6) 0.18(7) 

Ammonothermal 

free-standing 

AMMO-1 430 2.1 2.110 2.000 

AMMO-2 661 7.2 2.094(5) 1.965(7) 

AMMO-3 567 19 2.067 2.009 

HVPE  

thin-film 

HVTF-1 12 10* 2.116(5) 1.93(2) 

HVTF-2 6 10* 2.109(7) 1.93(1) 

MOVPE 

thin-film 

MOVPE-1 0.47 30 2.077(1) 1.999(1) 

MOVPE-2 0.9 30 2.087(1) 1.999(1) 

MOVPE-3 0.9 30 2.094(3) 1.995(2) 

MOVPE-4 0.5 30 2.088(2) 1.991(1) 

MME  

thin-film 

MME-1 0.37 150 2.0616(5) 2.0147(6) 

MME-2 0.48 150 2.0472(2) 2.0180(2) 

MME-3 0.42 150 2.04 2.03 

MME-4 0.24 200 2.02 2.03 

 

Figure 4.1. Example spectra of the Mg-related EPR signal obtained at 9.4 GHz and 3.5 K 

observed in a MOVPE thin-film with the angle between the c-axis and static magnetic field 

oriented at 30o (blue) and 60o (green). The zero-crossing Bo for each angle is highlighted 

at the red circle. (b) EPR g-factor angular dependence for thin-film MME (black squares), 

MOVPE (red circles), and HVPE thin-films (blue triangles) samples. Lines are best fits of 

Eq. 3.2 to the data. 
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4.1.2 Free-standing samples 

In this work, two different types of free-standing samples were investigated: 

heteroepitaxial grown HVPE and seed-grown ammonothermal.  The spectroscopic 

characteristics of the Mg-related EPR signal in free-standing HVPE samples differ 

significantly compared to thin-films. Firstly, the lineshape and linewidth is more angular 

dependent and the lineshape asymmetry is reversed compared to thin-films, where at angles 

higher than 20o the high field peak has a smaller linewidth and is more intense than the low 

field peak, as seen in Figure 4.2 (a) for 60o.  The peak-to-peak linewidth is seen to 

monotonically increase as θ increases but is difficult to quantify since the Mg signal cannot 

adequately be described by a single Lorentzian lineshape at angles higher than 20o.  

Secondly, the observed g-factor anisotropy is much more dramatic as shown in Figure 4.2 

(b) with optimally fit values of g|| = 2.18 and g⊥ = 0.28 for Sample 1 (AB3589).  Due to 

the large anisotropy, only angles up to 70o could be measured before the resonance 

occurred at B larger than the 1 T magnet limit as denoted by the dotted horizontal line in 

Figure 4.2 (b).  The observed g-factor and lineshape anisotropy in free-standing  HVPE 

samples agrees well with values reported in homoepitaxial thin-films GaN:Mg from other 

authors [37,83]. 

 In contrast, the ammonothermal GaN:Mg samples, which are grown 

homoepitaxially via seed growth, has anisotropic characteristics more similar to 

heteroepitaxial HVPE or MOVPE thin-film samples.  

 In this dissertation, I will show that the differing behavior of the two free-standing 

samples are consistent with the crystal field model and can be used as a tool to probe the 

bi-axial strain local to the Mg acceptor (section 4.2). 
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Figure 4.2. (a) Example spectra of the Mg-related EPR signal obtained at 9.4 GHz and 

3.5 K observed in a HVPE free-standing sample oriented at 20o (orange) and 60o (blue). 

The zero-crossing Bo for each angle is highlighted as the red circle. (b) EPR g-factor 

angular dependence HVPE free-standing samples (blue circles).  The thin-film MOVPE 

data (black squares) is shown for reference.  Lines are best fits of Eq. 3.2 to data.  The 

dotted red line is the g-factor angular dependence extracted from fitting the intensity 

angular dependence.  The horizontal dashed black line indicates the minimum g-factor 

accessible with the 1 T magnet at 9.4 GHz.  

 

4.1.3 Reduction of g-factor anisotropy 

EPR g-factor values are sensitive to changes in the defect’s local environment.  

Depending on the local perturbation, the g-factor of a defect can change in magnitude 

and/or angular dependence.  In heteroepitaxial thin-film AlxGa1-xN:Mg, the Mg0 EPR 

signal becomes less anisotropic in g-factor and lineshape as x increases, as shown in Figure 

4.3 (a). The g-factor anisotropy is seen to decrease as Al content increases from x = 0 to x 

= 0.28, with g|| reduced from 2.09 at x = 0 to 2.01 at x = 0.28 and  g⊥ changing less than 

0.02 over the Al alloying range as shown in Figure 4.3 (b) [110].  In free-standing samples, 

it was observed that the measured SIMS concentration of Mg affects the Mg0 g-factor as 

seen in Figure 4.4, where increasing Mg concentration increases g⊥ but g|| remains the 

same.  To more clearly show the changes in  
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Figure 4.3. (a) 3.5 K Mg-related EPR spectra of RTA AlxGa1-xN with the magnetic field 

oriented at 0o (solid black), 30o (dashed blue), and 90o (dotted red) to the c-axis for (i) x = 0, 

(ii) x = 0.08, and (iii) x = 0.28. (b) g-factors obtained from RTA AlxGa1-xN for x = 0 (black 

squares), x = 0.08 (red circles), and x = 0.28 (blue triangles). 

 

 

Figure 4.4. Change in g-factor values fit from Eq. 3.2 as a function of measured Mg SIMS 

concentration for g|| (black squares) and g⊥ (red circles). To make both g|| and g⊥ fit in the 

same scale, they are subtracted from the first data point at SIMS Mg concentration 

7x1016 cm-3
, i.e. δg=g(x)-g(7x1016 cm-3) where x is the Mg concentration. 
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g, the g-factors are subtracted by the g-factor for the sample with the lowest Mg 

concentration.  The SIMS Mg concentration has been observed to change the Mg-related 

EPR g-factor in thin-films, so seeing a similar phenomenon in free-standing samples is not 

surprising [111]. 

The decreasing g-factor anisotropy of Mg0 in both the thin-film and free-standing 

case suggests a change in local crystal fields surrounding the defect.  When Al replaces a 

Ga atom in the crystal lattice, local strain around the Mg0 will increase.  If enough Al is 

added to a sample, as is the case for these samples, the local changes in atomic spacing will 

affect bulk properties such as lattice spacing and can be seen via XRD [112].  By increasing 

the Al content in GaN:Mg, local strain around Mg acceptors will increase, therefore 

changing the local environment and resulting EPR g-factor. Similar arguments cannot be 

made for increasing the Mg concentration in GaN, where 1 Mg replaces 1 in 105 Ga atoms.  

As seen by C.G. Van de Walle et al., the strain field produced by a MgGa impurity is quite 

localized and requires a significant amount of Mg incorporation for an observable effect 

with the crystal lattice parameter changing Δa/a ≈10-6 at Mg concentrations of 1018 cm-3 

[113].  Therefore, I suggest that a secondary effect, related to increasing the Mg 

concentration, plays a role in affecting Mg0 centers as discussed at the end of section 4.2. 

4.2 Evidence of Bi-axial Crystal Field Effects From the g-factor 

A crystal field model that uses the Hamiltonian in Eq. 3.3 can be used to effectively 

predict the strikingly different characteristics of the EPR Mg0 signal observed in 

free-standing and heteroepitaxial thin-film samples.  First, focus will be put on modeling 

the g-factor anisotropy, which is significantly different between thin-film and free-standing 
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samples.  A more detailed explanation can be found by Aliev et al., but an abridged version 

is summarized as follows [84].  Starting with 2p orbitals as the basis set, the axial crystal 

field splitting Δz is chosen to be negative so that the lowest energy wavefunctions are then 

px and py.  Next, a bi-axial crystal field, Δx, is introduced, the sign of which is not important. 

Also, the orbital angular momentum is significantly quenched, i.e. gl < 1.  By varying the 

magnitude of Δx, the g-factor principle values,  g⊥ is seen to change dramatically as is 

plotted in Figure 4.5.  The Mg-related EPR signal can now be modeled in all samples by 

varying the magnitude of Δx, further supporting the basal-N model.  If Δz  is positive, then 

pz will be the lowest energy wavefunction and calculated g-factors will have the opposite 

angular dependence (g|| < g⊥) which is not seen experimentally for Mg0.  Alves et al. have 

proposed forcing the wavefunction to be averaged out to all wavefunctions px ,py, and pz 

and varying the orbital reduction factor gl (labelled as a covalency factor k in their work), 

but only thin-film samples are able to be effectively modelled [81]. 

The basal-N model described above is supported by all the GaN:Mg samples 

described in Table 4.1. The samples can be sorted into three different regions in Figure 4.5 

that are distinguished by the magnitude of Δx.  The samples with the largest bi-axial crystal 

field, and therefore smallest g-factor anisotropy, are MME samples which are less than 0.4 

μm thick on a latticed-mismatched non-native substrate, have the highest concentration of 

Mg (1.5x1020 cm-3), and highest density of dislocations (>1010 cm-2) of all GaN:Mg 

samples; all of these properties lead to large strain fields around the Mg acceptor and, 

therefore, large crystal fields and isotropic g-factors; these samples are sorted into region 

A in Figure 4.5.  In MOVPE and HVPE heteroepitaxial thin-films mechanical strain is 

reduced by several factors - such as increased thickness of the GaN:Mg layer, reduced 
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concentration of Mg, and reduced density of dislocations. These samples are sorted into 

region B.  The reduction in both the Mg concentration and of physical strain sources 

decreases the magnitude of the bi-axial crystal field, and thus increases g-factor anisotropy.   

The ammonothermal samples are measured to have very low bulk crystal strain and 

a small threading dislocation density, as evidenced by XRD measurements [114].  

However, the g-factor anisotropy is similar to that seen in heteroepitaxial thin-film samples 

𝑔∥ − 𝑔⊥ ≈ 0.1, which suggests a large bi-axial crystal field.  Usually, the source of the 

non-axial crystal field has, quite naturally, been attributed to originate from physical, or 

mechanical, strain mechanisms because Δx is largest in the thinnest films where 

dislocations are the maximum.  In mechanically strained systems, it is the local change in 

lattice parameters that induces an additional crystal field due to the breaking of the bulk 

symmetry.  However, dislocations need not be the sole contribution to a non-axial crystal 

field with a large magnitude and is demonstrated by the ammonothermal samples.  
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Figure 4.5. The g-factors for holes localized to acceptor sites as a function of a varying bi-

axial crystal field in the x-direction.  The axial crystal field, spin-orbit coupling, and orbital 

reduction factor is fixed at Δz = -15 meV, λ = -1 meV, and gl = 0.1. 

 

In ammonothermal GaN, Oxygen replaces nitrogen sites in GaN and is a shallow donor 

with an ionization energy of ~34 meV [46].  The 1018 cm-3 oxygen leads to a distance 

between randomly spaced O donors and Mg acceptors atoms of less than 10 nm.  If the 

samples are p-type then, assuming complete compensation, all the O sites will be ionized 

and create a large crystal field, originating from the charge distribution within the bulk 

sample. Therefore, one would expect EPR characteristics similar to those seen in 

heteroepitaxially thin-films if the concentration of compensated O were high enough. 

Homoeptiaxially grown ammonothermal p-type GaN doped with 7.2x1018 cm-3 Mg and 

2.6x1017 cm-3 O, were measured at 3.5 K and 10 GHz in the same manner as the samples 

discussed above. The results reveal a nearly isotropic EPR g-factor and intensity, even 

though the dislocation density is lower than HVPE free-standing samples (<107 cm-2).  The 
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isotropic signal in the ammonothermal samples demonstrates the universal applicability of 

the crystal field model with bi-axial strain. 

Finally, HVPE free-standing samples have a reduced dislocation density and Mg 

concentration, both of which reduce the magnitude of physical strain and the resulting 

crystal field compared to the other samples discussed above.  The large g-factor anisotropy 

assigns HVPE free-standing samples to region C in Figure 4.5.   

These assignments in local bi-axial crystal field strength are consistent with bulk 

GaN Raman spectroscopy measurements, where the magnitude of the frequency shift in 

the E2 vibrational mode is a marker for bulk bi-axial strain.  Raman measurements carried 

out by Dr. William Willoughby and Kathryn Ham showed that MME thin-film samples 

have the largest E2 shift of 571.5 cm-1, indicating a large bi-axial strain.  Thin-film  MOVPE 

samples, which are expected have less bi-axial strain had a E2 shift of 570.5 cm-1. and free-

standing HVPE samples, which should have minimal bi-axial strain, 569.5 cm-1
, as shown 

in Figure 4.6. This provides evidence that the in-plane strain for bulk GaN is highest in 

thin-film samples, and relaxes in free-standing GaN, consistent with reports by other 

authors [85,115].  However, Raman spectroscopy is unable to determine strain local to 

defect sites, and has additional difficulty separating hydrostatic and bi-axial strain.  

The decreased anisotropy in AlxGa1-xN samples can now be understood via the 

changes in the magnitude of the bi-axial crystal fields.  As x increases, local strain 

distortions from Al atoms will cause an increased magnitude of crystal field, some of which 

will have a bi-axial component, thus reducing the observed g-factor anisotropy.  However, 

the same analysis on decreased g-factor anisotropy with increasing Mg concentration is not 

consistent with DFT computational results as the local strain distortions were calculated to  
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Figure 4.6. Room temperature Raman spectra using a 535 nm light source of GaN:Mg 

samples grown various ways. 

 

change the bulk lattice parameter by less than 0.001% for Mg concentrations of 1018 cm-3 

[113].  However, transmission electron microscopy experiments show that the density of 

stacking faults increase with increasing Mg concentration in GaN [44].  Energy dispersive 

x-ray analysis also reveals that the Mg atom is 3-5 nm from the stacking fault plane, which 

can impart local mechanical strain to the Mg acceptor. 

4.3 Evidence of Bi-axial field from Intensity Angular Dependence 

In addition to the g-value angular dependence of a paramagnetic center, the EPR 

signal intensity can provide identification and, as will be shown for the case of GaN:Mg, 

characterization of the local environment.  The intensity of an EPR transition is directly 

proportional to the number of paramagnetic centers.  The intensity of any given EPR 

transition can be expressed as 

 



58 

 

 

 
𝐼 ∝ |⟨𝑖|𝑯𝑚𝑤|𝑓⟩|2 ∙ (

𝑑(𝐸𝑎 − 𝐸𝑏)

𝑑𝐵
)

−1

∙ (𝑝𝑖 − 𝑝𝑓) 
(4.1) 

 

The first term is the transition probability with a perturbing microwave field 

Hmw=𝜇𝐵𝐵1𝑔⊥𝑆̂⊥ where B1 is the magnetic field strength of the microwave incident on the 

sample. The |𝑖⟩ and |𝑓⟩ states are the quantum states before and after the spin flip transition, 

respectively, assuming little to no mixing from the static magnetic field. For thin-film 

samples, this will be shown to be a valid simplification.  

The second term in Eq. 4.1 is a frequency-to-field conversion factor that was 

discovered in 1975, quite late in EPR history [104].  This term, to first order, is proportional 

to 1/g and is significantly important in calculating angular dependent intensities in systems 

with a large g-factor anisotropy.  J.R. Pilbrow has written a very thorough expansion of the 

“Aasa and Vanngard 1/g factor”, including the more complicated S > 1/2 case [105]. 

Nehrkorn et al. has a more general discussion on the topic of magnetic dipole transitions 

in EPR [116]. Finally, the third term accounts for the population difference between the 

initial pi and final state pf 

The same crystal field model used to explain the g-anisotropy should also be able 

to predict the intensity of the EPR spectra.  That is, in addition to the bi-axial crystal field 

Δx playing a dominant role in g-factor anisotropy, it has been predicted that the magnitude 

of both axial and basal crystal fields can significantly change the angular dependent 

intensity [117].  Here we provide experimental evidence of this claim.  The filled squares 

in Figure 4.7 (a) illustrate the angular dependence of the intensity for the free-standing 

sample.  We first consider a model using only an axial crystal field (i.e. Δx = 0), a method 
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previously used to model shallow acceptors by Patel et al. [117]. The calculated EPR 

intensity is plotted as the dotted blue line in Figure 4.6 (a).  The predicted EPR intensity 

should be proportional to tan4(θ) only when (g⊥/g∥)tanθ ≪ 1 where g⊥  and g|| are the 

experimentally determined g-factors obtained from Eq. 3.1. Thus, one would expect the 

calculation to agree with the data well at small angles and begin to deviate at the larger 

angles. In fact, the opposite is seen and there is increased agreement at higher angles.  

However, with the addition of a small non-zero non-axial crystal field term expected for  

free-standing thick crystals (Δx = 10-5 meV) the calculated angular dependent intensity 

becomes non-zero at 0o and matches well with experimental data at 0-60o and 120-180o. 

We note that although the optimal Δx is small, the value must be non-zero and positive to 

fit the low angle data for free-standing samples as seen by the solid black line shown in 

Figure 4.7 (a).  We acknowledge, however, that the small size of Δx suggests different 

 

Figure 4.7. EPR Intensity angular dependence of (a) free-standing (black squares) and (b) 

both free-standing (black squares) and thin-film MOVPE (red circles) samples at 9.4 GHz. 

Solid lines are simulations of EPR intensity using the Hamiltonian in Eq. 3.3. The dotted 

blue line in (a) is a fit using the same equation but with Δx=0. Vertical dashed black lines 

indicate inaccessible angles due to the signal’s highly anisotropic g-factor. 
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factors may control the non-zero intensity.  For instance, the addition of nitrogen 2s orbitals 

to the pure p-orbitals used here might have enough of an effect at parallel orientation as to 

induce a detectable EPR intensity without significantly altering the dramatic affects seen 

at perpendicular orientation, which is the focus of the model. 

After finding the crystal field parameter that optimally fits the free-standing 

anisotropic intensity, g-factors are then computed using Eq. 3.4. The resulting g-factor 

calculations agree with the experimentally determined g||, but deviate significantly from 

g⊥.  To investigate the source of this discrepancy, the angular dependence of the g-factor 

calculated from the intensity was compared with that determined by fitting Eq. 3.1 to the 

experimentally measured g(θ). Figure 4.2 (b) shows the results, where the g-factors 

obtained from fitting the anisotropic intensity are represented by the dotted red line and 

those obtained from Eq. 3.1 are shown as the solid blue line. The comparison indicates that 

a discrepancy occurs only at angles near 90o, where spectra are not able to be measured. 

The differences between the g⊥ calculated from Eq. 3.1 and extracted from the intensity 

are therefore within the uncertainty of the g(θ) measurement. 

The angular dependence of the intensity seen in the thin-films is minimal compared 

to that seen in the free-standing crystals and, therefore, limited information may be 

extracted.  A comparison is shown in Figure 4.7 (b), where filled black squares represent 

the free-standing GaN and unfilled red circles the thin-films.  The intensity of thin-film 

MOVPE samples varied less than 10% between 0o and 90o and could be simulated (red 

line) only with large axial and basal crystal fields. Consistent with the g anisotropy 

exhibited by the MOVPE and MME samples mentioned above, the intensity of the MME 

samples varied no more than 5% between 0o and 90o and the intensity calculations predict 
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a larger crystal field. The smaller angle-dependent intensity, in addition to the decreased 

g-factor anisotropy, indicates that a larger crystal field exists in the MME samples 

compared to MOVPE.  Using the same crystal field values as in the calculation of the 

angular dependent spectral intensity, a nearly isotropic g-factor was calculated and 

compared favorably with experimental results for both MOVPE and MME samples. 

The dominant mechanism for the EPR intensity angular dependence is markedly 

different between free-standing samples and heteroepitaxial thin-films.  The EPR intensity 

of a transition is determined by Eq. 3.5 and has three distinct components: the transition 

dipole matrix overlap |⟨𝑖|𝐻̂𝑚𝑤|𝑗⟩|
2
, the Aasa-Vanngard 1/g factor, and the thermal 

population difference.  The calculated contributions from each component in Eq. 3.5 are 

plotted in Figure 4.8 for (a) free-standing HVPE and (b) heteroepitaxial thin-films. For 

angular dependent measurements, the thermal population difference is constant and is not 

plotted.  The intensity anisotropy observed in free-standing samples are seen to be 

dominated by the transition dipole matrix with a minor contribution from the 1/g factor.  

Comparatively, the intensity from heteroepitaxial thin-films is mainly due to the 1/g factor 

and the transition dipole term is nearly isotropic.  The reason for this is because the dipole 

transition matrix is approximately inversely dependent on the crystal field terms to fourth 

order [117].  
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Figure 4.8. The transition probability matrix (dotted blue) and Aasa-Vanngard 1/g factor 

(solid red) contributions to the relative EPR intensity plotted along the product of the two 

(solid black) contributions to the calculated angular dependent intensity for a (a) free-

standing HVPE and (b) heteroepitaxial MOVPE thin-film sample. 

 

In the analysis of g(θ) performed by Aliev et  al., a negative axial field was invoked 

to reproduce the observed relative values of g∥ and g⊥ (g∥ > g⊥) [84].  The negative Δz 

leads directly to the prediction that the hole resides on a basal, rather than axial, nitrogen.  

To verify the necessity of a negative axial field, intensity calculations were performed 

assuming a positive axial field, resulting in a ground state axial hole.  Although the results 

for the thin-films samples are non-conclusive due to the weak angular dependent intensity, 

the calculations for the free-standing samples not only predict that g∥ < g⊥, as shown by 

previous authors, but that the EPR intensity decreases as the angle approaches 90o, 

inconsistent with the results shown in Figure 4.7 (a) [81,84]. 

4.4 Realism of Hamiltonian Parameters 

There are many mechanisms that can induce additional crystal fields to the Mg 

acceptor in materials and, therefore, change the observed g-factor that is seen in GaN:Mg 

samples.  Mechanical strain compresses or expands the lattice constants that, in turn, affect 
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the charge distribution surrounding the EPR-active defect.  Independent of any defects, a 

non-zero axial crystal field Δz will be present in GaN due to symmetry breaking arguments 

[40,41].  Measurements of the bulk axial crystal field and band spin-orbit coupling 

parameters have been performed by others on UID thin-film GaN via photo-reflectance 

spectroscopy and obtained values of |Δz| =9.2 meV and λ = 18.9 meV [102].  The spin-orbit 

coupling parameter for point defects, however, may be effectively reduced by an increase 

in molecular orbital coupling, i.e. covalency, as is discussed in section 4.8.  An effective 

spin-orbit coupling constant of -0.86 meV has been reported for uid GaN via Zeeman 

spectroscopy [101]. 

Determining the bi-axial crystal field has, however, proven to be a more arduous 

task.  Raman experiments have shown sensitivity to crystal strain in the c-plane and that 

the E2 vibrational mode shifts depending on the magnitude of strain present in the bulk 

crystal [32].  It has been shown, however, that hydrostatic strain and bi-axial strain each 

shift the E2 mode by different amounts and separation of each component requires an 

analysis of the strain tensor elements, typically via XRD [118,119].  From this type of 

analysis, the net strain energy is calculated from the Raman E2 shift and is shown in 

Table 4.2 [52,118].  To compare these numbers to those calculated for the Mg acceptor, 

one can use the relationship between the bi-axial strain and the energy shift in exciton 

luminescence established by Davydov et al. [118].  The results, shown in column 4 of 

Table 4.2, are of similar magnitude to the proposed meV range bi-axial crystal field for the 

Mg acceptor [118], and thus confirm that the values from the crystal field model are 

realistic. 
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Table 4.2. Raman shifts and calculated strain energies and their corresponding bi-axial 

bound exciton energy shift. 

Sample Raman E2 shift 

(cm-1) 

Strain energy (GPa) Bound Exciton 

energy shift (meV) 

HVPE 

free-standing 

569.5 0.4-0.7 14 

MOVPE 570.5 0.7-1.1 22 

MME 571.5 1-1.4 28 

 

4.5 Lineshapes and Linewidths 

The structure of a defect’s local environment has been shown to impact both the 

EPR anisotropic g-factor and intensity in sections 4.1 and 4.3, but the lineshape 

characteristics can provide additional information.  In this section I will discuss the 

mechanism for the  anisotropic EPR lineshape observed at 9.5 GHz that was proposed by 

Zvanut et al. [87].  In this section, I make experimental predictions based on the crystal 

field model from section 4.2 and provide motivation for frequency-dependent EPR 

measurements. 

As the angle increases from 0o to 90o, the linewidth and lineshape of MOVPE and 

HVPE thin-films are observed to noticeably change as seen in Figures 4.1 (a) and 4.2 (a) 

respectively.  At low angles, the signal is well described by a single Lorentzian line-shape, 

but, as θ increases, the lineshape becomes increasingly asymmetric with the low field peak 

having a higher amplitude and smaller linewidth compared to the high field peak.  The Mg-

related EPR lineshape from MME samples is isotropic with a peak-to-peak linewidth of 

10 mT.  An explanation and understanding of the linewidth phenomena are addressed in 

section 4.7.2. 
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It was proposed by Zvanut et al. that the bi-axial crystal field was non-uniform 

throughout samples, i.e. a distribution of Δx that results in a distribution of g-factors to 

model the anisotropic lineshape in GaN:Mg samples [87].  The lineshapes of both 

heteroepitaxial thin-film and free-standing samples can be successfully described by fitting 

each signal to a sum of 5 Lorentzian lineshapes of equal linewidth but varying g-factors 

and intensities. The variation in g|| between all Lorentzian lines, defined as Δg||, is small, 

but the variation in g⊥, defined as Δg⊥, is significant to successfully describe the 

anisotropic lineshape.   

Table 4.3. The range of g-factors required to fit the EPR angular-dependent lineshape at 

3.5 K and 10 GHz. 

Sample Δ𝑔∥ Δ𝑔⊥ 

Free-standing HVPE 0.08 0.22 

Heteroepitaxy MOVPE 0.06 0.07 

 

From Figure 4.5, varying Δx in regions A, B, or C will have significantly different 

effects in resulting EPR lineshape characteristics.  In region A, both g|| and g⊥ are predicted 

to be insensitive to a distribution of Δx, thus Δg will be small (<0.01) and the lineshape and 

linewidth of Mg0 should be isotropic – as is confirmed in MME samples by the fact that a 

single Lorentzian lineshape represents the spectra well.  As Δx decreases, small variations 

of Δx will cause larger variations in g⊥, but leave a relatively small distribution of g||.  In 

region B, an inhomogeneous Δx will result in a variation of g⊥, which will cause some 

distortion of the lineshape and linewidth as the sample is rotated from 0o to 90o
 – an 

observation frequently noted by others in MOVPE GaN:Mg [83,87].  Finally, in region C, 

perturbations in Δx should result in large variations of g⊥ and a smaller distribution of g || – 
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consistent with the results found in Table 4.3.  Therefore, the small Δg|| and larger Δg⊥ 

found from lineshape modeling are consistent with crystal field model predictions.   

EPR linewidth broadening due to a distribution of centers with varying g-factors, 

known as g-strain, is effective at predicting the lineshape change in both thin-film and 

free-standing samples.  For g-strained EPR spectra, it is the magnitude of the variation of 

the g-factor Δg that will then dominate the linewidth.  When g-factors of different centers 

do not vary significantly, their magnetic resonances Bo at a specified frequency can overlap 

and the lineshapes will be unresolved.  If the g-strained lineshape is comprised of a few 

discrete g-factors, then performing EPR at higher microwave frequencies will increase Bo 

between centers with different g-factors and each individual center can be resolved, as 

shown in Figure 4.9 (b).  However, if a continuous distribution of varying g-factors is the 

dominant contribution to the lineshape of an EPR transition, increasing the microwave 

frequency will not resolve additional structure, but instead lead to a linear increase in 

linewidth, the magnitude of which is dependent on Δg, furthermore Δg will vary with θ, 

the angle between B and the c-axis. 

  
Figure 4.9. (a) A standard Zeeman energy diagram of one isolated spin S = ½ system and 

the resulting EPR spectrum. (b) A Zeeman energy diagram for two independent spin S=1/2 

systems with slightly different g-factors and the resulting EPR spectrum. 
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4.6 Evidence of Crystal Field Non-uniformity  

In section 4.5,  non-uniformity of the crystal field was deduced from an analysis of 

the angular dependent line shape.  The study assumed that a non-zero distribution of 

g-factors (Δg) caused the angular dependent line shape.  Each different g-factor, expressed 

as gi, within the distribution of g-factors shifts the magnetic field resonance.  Typically, the 

resonances due to each gi in g-strained systems are not resolved, and produce instead a 

linewidth that increases with frequency [105,120,121]. 

To test for non-zero g-strain in these samples, EPR spectroscopy beyond the 

standard X-band system is required.  Microwave frequencies from 50-130 GHz were 

obtained from a single Network Analyzer as described in chapter 3 and a 7 T magnet was 

required to record the complete EPR spectrum at angles closest to 90o. Figure 4.10 (a) 

shows EPR transmission spectra of the Mg-related signal with the c-axis oriented at 5o and 

40o from the static magnetic field B at selected frequencies for free-standing GaN:Mg.  The 

spectra shift horizontally, as expected, due to the frequency dependence of the resonance 

evident in Eq. 3.1.  The increase of the linewidth with frequency seen by a comparison of 

the spectra measured at about 50 GHz (lower) with those measured around 100 GHz 

(upper) provides evidence of g-strain.  Furthermore, the increase in linewidth at 40o 

compared to that at 5o reflects the greater sensitivity to non-axial strain expected for Δg⊥ 

compared with Δg|| [84]. Samples with small non-uniform basal-crystal fields result in a 

large Δg⊥ and a small Δg|| as seen in Figure 4.5 [84,96].  According to Equation 3.2, at 

angles close to 0o, Δg|| will be weighted heavily in determining linewidth broadening while 

Δg⊥ will have very little influence.  The contribution from Δg⊥ increases, and from Δg || 

decreases, as the angle increases tends towards 90o.  Since a small Δg|| is predicted from  
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Figure 4.10 (a) EPR transmission spectra at 5o and 40o at two microwave frequencies and 

(b) frequency dependence of the FWHM of EPR spectra obtained from free-standing 

GaN:Mg measured with the angle between the c-axis and B : 5o (black squares), 20o (red 

circles), and 40o (blue triangles). Dashed lines are linear fits. Unfilled symbols are the 

X-band results, where the symbols follow the same legend as higher frequency data. The 

inset shows the peak magnetic field at resonance Bo as a function of microwave frequencies 

at 40o. 

 

the crystal field model for small non-uniform basal crystal fields, the linewidth should be 

relatively frequency independent at low angles.   

But as the angle increases Δg⊥, which is expected to be more sensitive to 

non-uniform basal fields, will contribute more to the linewidth and the EPR signal will 

broaden with frequency.  This trend is shown by the frequency dependence of the linewidth 

in Figure 4.10 (b).  At 5o the linewidth is almost frequency independent, reflecting the 

influence of a very small Δg||.  On the other hand, the linewidth varies linearly with 

frequency as the angle between the crystal c-axis and applied magnetic field increases, 

indicating increasing contributions from Δg⊥.  The frequency dependence of the linewidth 

shown in Fig. 4.9 (b) as well as the variation exhibited at different angles verifies the 

assumption of g-strain suggested by Zvanut et al., and provides further verification of the 

crystal field model suggested by Aliev et al. [83,87]. 
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Included in the frequency-dependent data of Figure 4.10 (b) are three isolated points 

at 10 GHz. These data were obtained from the same samples measured at higher 

frequencies, but were measured in derivative mode using a conventional X-band 

spectrometer. Extrapolating from the data taken at higher frequencies suggests that the 

linewidth will not go through zero at 0 GHz, and that broadening mechanisms other than 

g-strain dominate at lower microwave frequencies. We suggest that a potential source of 

broadening is unresolved hyperfine splitting from neighboring Ga and N atoms. The 

delocalization of the hole wavefunction and the interaction strength with neighboring I = 1 

N atoms and I = 3/2 Ga, each occurring with nearly 100% abundance, could ultimately 

determine the linewidth as the frequency is decreased, perhaps dominating at 10 GHz.  

A likely culprit for the origin of g-strain in free-standing samples is the non-

uniformity of defects.  Potential fluctuations, caused by dislocations and ionized impurities, 

are present in all samples, causing spatially varying crystal fields.  The variations in the 

crystal field splitting, which have both axial and basal components, will depend on the 

distance from each source of strain.  If Mg is randomly distributed throughout a sample, 

each Mg can be affected by a different crystal field that depends on the distance from 

nearby defects, including dislocations or an interface.  In thick free-standing samples with 

a low dislocation density, Mg will be affected on average by a smaller Δx and therefore a 

greater variation in g⊥ will be observed [84].  The resulting EPR linewidth should be both 

anisotropic and frequency-dependent due to a large variation in g-factors within the sample, 

consistent with what is seen in free-standing crystals.  If, however, the basal crystal field 

is large, as is predicted in thin-film samples due to a higher dislocation density and 
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interfacial lattice mismatch, small deviations of the basal crystal field should produce 

almost no variation in g-factors within the sample. 

Frequency-dependent EPR measurements were attempted on thin-film MOVPE 

GaN:Mg samples but did not produce a resonance, possibly due to a reduced sensitivity in 

measurements.  Thin-film samples were grown on mm-thick sapphire substrates, which do 

not provide any additional Mg EPR signal but do increase the filling factor of the resonant 

cavity and reduce the sensitivity of measurements i.e. reduce the Q-factor. 

4.7 Alternative Frequency-Dependent Linewidth Mechanisms 

The EPR frequency-dependent linewidth shown in section 4.6 provides substantial 

evidence for a non-uniform bi-axial crystal field Δx but there are alternative mechanisms 

that may also contribute to the same phenomena.  In this section I discuss other possible 

physical processes that can also lead to an EPR frequency-dependent linewidth and their 

respective impact on the results shown in Figure 4.10.       

4.7.1 Crystal curvature 

Another potential explanation for the frequency-dependent linewidth, crystal 

curvature, was investigated.  In g-factor anisotropic samples, crystal curvature can play a 

dominant role in EPR anisotropic linewidth broadening.  Instead of all EPR centers 

oriented at one orientation with respect to the static magnetic field, as is the case of no 

sample curvature, there exists a distribution of orientations.  Additionally, the sample c-axis 

is not completely in the same plane and now and a complete description of the crystal 

orientation requires both polar coordinates θ and φ that both vary due to crystal curvature, 

i.e. the sample is now at θ ± Δθ, φ ± Δ φ.  The distribution of orientations Δθ, Δφ will then 
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result in a distribution of g-factors Δg and cause an angular-dependent and frequency-

dependent EPR linewidth broadening.  The general g-factor resonance can be expressed 

from Eq. 2.7 as  

 

 

 𝑔(𝜃, 𝜙) = (𝑔⊥
2sin2𝜃sin2𝜙 + 𝑔∥

2cos2𝜃sin2𝜙 + 𝑔⊥
2cos2𝜙 +)

1 2⁄
 (4.2) 

 

To approximate the distribution of orientations, X-ray diffraction (XRD) rocking 

curve measurements were obtained across a 14 mm length, focusing the x-ray beam path 

at each of the red circles along the sample as shown in Figure 3.2 for an HVPE sample.  By 

measuring the shift in the rocking curve peak, a function of the x-ray beam position on the 

sample the radius of curvature, can be determined [99].  The angular distribution can be 

determined from the arc length equations  

 

 
Δ𝜃 =

𝑊

𝑅
 

(4.3) 

 
Δ𝜙 =

𝐿

𝑅
 

(4.4) 
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Figure 4.11. (a) Rocking curve spectra from (006) plane at different points on the sample. 

(b) Peak position, ωpeak, of rocking curve as position of distance across sample. The slope 

is proportional to the radius of curvature. 

 

where R is the radius of curvature and L and W are the length and width of a sample, 

respectively. From performing a rocking curve measured at discrete points on a sample, 

shown in Figure 3.1, the diffraction peak was observed to shift, shown in Figure 4.11 (a). 

From a linear fit shown in Figure 4.11 (b)  it was determined that the radius of curvature is 

1.7 m for the free-standing HVPE samples and nearly 12 m for the thin-films, which is not 

shown. With sample dimensions known and taking the differential of Eq. 4.1 w.r.t. θ and 

ϕ, the angular dependent linewidth from crystal curvature can now be quantified via 

Eq. 3.6, which is frequency dependent.  The crystal curvature was found to contribute no 

more than 3% to the slope of the frequency dependent linewidth at 40o.  This information 

is highlighted in Table 4.4 showing the experimental frequency-dependent linewidth and 

the corresponding contribution due to crystal curvature as a function of angle. 

(a) (b) 
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Table 4.4. The rate of which the Mg-related EPR signal linewidth was observed to change 

with microwave frequency and the corresponding influence from crystal bowing at selected 

orientations of the crystal c-axis with the external magnetic field B for free-standing HVPE 

samples. 

Angle (Degrees) Experimental mT/GHz  Crystal Bowing mT/GHz 

5 0.2 ± 0.1 0.01 

20 0.65 ± 0.2 0.025 

40 4 ± 0.3 0.1 

 

4.7.2 Generalization of the bi-axial crystal field direction 

Another mechanism for a frequency-dependent EPR linewidth is generalizing the 

bi-axial crystal field direction Hamiltonian used to determine g-factors.  Up until this point, 

the variation in the magnitude of a crystal field in the x-direction Δx modeled the observed 

g-factors in samples.  In reality, there is no logical reason to assume that a bi-axial crystal 

field exists only along the x-direction.  To correct for this, we transform the bi-axial crystal 

field Hamiltonian term to  

 

 Δ𝑥(𝐿̂𝑥
2 − 𝐿(𝐿 + 1) 3⁄ ) ⟶ Δ⊥(𝐿̂⊥

2 − 𝐿(𝐿 + 1) 3⁄ ) 

𝐿̂⊥ = 𝐿̂𝑥 cos 𝛽 + 𝐿̂𝑦 sin 𝛽 

(4.5) 

 

Where β is the bi-axial crystal field angle for a specific defect.  If β is allowed to 

vary from defect sites, each value of β will create a different g-factor, causing g-strain and 

therefore a frequency-dependent linewidth.  J.J. Davies determined that, at large crystal 

fields, the variation in g⊥ is seen to be appreciably large (∆g⊥~0.02) [122].  Small crystal 

fields, however, have a very small variation of  g⊥ (∆g⊥ < 0.001) as is seen in Figure 4.12.  

From the variance of g, a frequency-dependent linewidth can again be calculated from this 
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phenomenon.  Comparing to the highest angle, and therefore largest contribution to the 

frequency-dependent linewidth, at 40o, the variation in g is calculated to be less than 1x10-4, 

resulting in a frequency dependent linewidth contribution of less than 1% of what is 

observed for free-standing samples.  Therefore, a varying bi-axial crystal field direction 

cannot explain either the frequency-dependent or angular-dependent linewidth observed in 

free-standing samples. 

Thin-film samples, however, can have a significant contribution to their angular-

dependent change in linewidth due to the variation in bi-axial crystal field directions.  

When the bi-axial crystal field is large, i.e. in thin-film samples ,variations in the crystal 

field direction results in g⊥ varying 0.01-0.02, which for MOVPE g-factor parameters 

taken from Table 4.3, results in a linewidth increase of 15% when rotating from 0o to 90o.  

Thus, the linewidth change observed in MOVPE thin-films can readily be explained by an 

application of a more generalized bi-axial crystal field direction.  In MME samples, the 

 

Figure 4.12 Variation in g-factor from generalizing the bi-axial crystal field Hamiltonian 

term to Δx→ Δ⊥ as specified in Eq. 4.5. 
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magnitude of the bi-axial crystal field is so large that variations in the bi-axial crystal field 

direction provide no g-strain, and thus no change in linewidth nor lineshape, implying from 

Figure 4.12 that Δ⊥/λ > 1.5.  

4.8 Temperature Dependence 

The temperature dependence of an EPR transition is an additional parameter that 

can be varied to extract information about a defect center.  Additional thermal energy 

supplied to the crystal and paramagnetic center can change the structure of the defect, such 

as the local symmetry or spin relaxation dynamics, and result in changes in the EPR spectra.   

To effectively model the EPR results for the Mg0 acceptor, the spin-orbit coupling λ and 

orbital reduction factor gl was required to be significantly reduced from the atomic values 

of -15 meV and 1, respectively.  This section specifically deals with the temperature 

dependence of the Mg0 acceptor and discusses the reduced λ and gl values. 

4.8.1 Temperature dependence and the Jahn-Teller effect 

The temperature dependence of both thin-film and free-standing samples were 

measured from 3.5 – 25 K.  The EPR intensity of each sample varies inversely with respect 

to temperature, as is expected from the Boltzmann distribution of spins.  The peak-to-peak 

linewidth (Bpp) dependence on temperature is not as straightforward.  To compare the 

change in EPR linewidth with temperature on the same scale, all changes in linewidth are 

compared to their respective 3.5 K linewidth, as is shown in Figure 4.13.  Thin-film 

samples were oriented at 30o and free-standing HVPE samples at 20o to achieve a 

symmetric linewidth.   From 3.5 - 25 K, the EPR linewidth from thin-film samples (purple 

crosses) changed less than 1 ± 0.4 mT, about 10% of the 3.5 K linewidth.  Additionally, 
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the g-factor was seen to change less than 0.02.  For free-standing samples (black squares, 

red circles, blue triangles, and green stars), however, the peak-to-peak linewidth varied 

significantly with respect to a change in temperature.  There is also evidence that the g-

factor in free-standing HVPE samples is temperature dependent; future work is required to 

further study the g-factor dependence on temperature.  As the temperature increases from 

3.5 to 6 K, the linewidth increases monotonically for the free-standing samples.  Above 7 

K, the signal intensity in free-standing samples was too small to extract a meaningful 

linewidth.   

It is very common in the literature to attribute a linewidth change in temperature 

directly to a temperature dependent spin-lattice relaxation [94].  To first order, the spin-

lattice relaxation is typically modeled as a dynamic crystal field coupling that facilitates 

the energy transfer from an excited spin to the surrounding lattice [123].  Although 

possible, there have been no reports of a linewidth changing so significantly in such a short 

temperature range due to spin-lattice effects– over 10 mT peak-to-peak in 2.5 K.  Such a 

dramatic change in relaxation time in this temperature range would require a significant 

change in Mg0 phonon-spin coupling with temperature, which has not been reported in the 

literature. 



77 

 

 

 

Figure 4.13. Change in Lorentzian 9.4 GHz EPR linewidth of Mg-related signal for a 

thin-film MOVPE (purple cross) sample and free-standing HVPE samples with Mg 

concentrations of 4x1017 (black squares), 1.5x1018 (red circles), 3x1018 (blue triangles), and 

6x1018 (green stars) cm-3 oriented at 20o
 for free-standing samples and 30o for thin-film 

samples. 

 

Below is a possible explanation for the temperature dependent phenomena that is 

also consistent with the crystal field model presented in the previous results and discussion.  

Previous DFT calculations have determined that one of the possible ground states for the 

Mg hole localization on a basal nitrogen neighbor.  In this model there are three equivalent 

basal nitrogen atoms (B) for localization, indicated by the schematic in Figure 1.2 (b) [77]. 

From the papers of Jahn and Teller, when a non-linear complex is orbitally degenerate, i.e. 

the energies of at least two states are the same and their only difference is in the orbital 

wavefunction component, the system is unstable and will undergo a nuclear distortion 

which will break the degeneracy and further lower the energy of the system [124,125]. If 

the coupling between the electrons and the distortion is weak relative to the zero-point 

energy of the associated vibrational modes or if the vibrational mode is comparable to the 

barrier separating equivalent configurations, then there will be coupled motion between the 
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vibrational modes and electrons.  This is the dynamic Jahn Teller (DJT) effect.   Since 

localization of the hole on each of the basal nitrogen atoms have the same energy but 

different spatial localization then, according to the Jahn-Teller theorem, the system must 

undergo a local asymmetric nuclear distortion in order to break the degeneracy [126].  It 

has been shown that the hopping frequency between equivalent Jahn-Teller (JT) distortions 

is temperature dependent and can lead to EPR linewidth broadening and g-factor shifts 

over small temperature ranges [127].   

The hopping frequency fre at a given temperature is exponentially dependent on the 

energy barrier between equivalent configurations, δJT, and if the correlation time between 

reorientations is much shorter than the modulation frequency (1/fre<10-7 s), the EPR 

transition will become lifetime broadened [127,128].  Authors have been able to determine 

δJT from temperature dependent EPR measurements assuming the linewidth broadening 

mechanism is dominated by Jahn-Teller reorientation hopping [127].  By assuming the 

temperature dependent linewidth broadening quantified in Figure 4.13 is a direct result of 

the Mg0 hole reorienting between equivalent basal N sites in free-standing GaN, the 

reorientation barrier δJT was calculated to be δJT ≈ 0.5 meV.  As a comparison, the NV 

center in diamond is calculated by DFT to be ~9 meV, and 60 meV for the Si E-center - 

substantially larger than the value obtained here.  Although the δJT determined from the 

measurements is small, numbers similar in magnitude have been reported in other systems, 

with δJT  = 0.6 meV  for Eu2+ in alkaline earth fluorides [129].    

Another component of equivalent Jahn-Teller distorted systems is that each defect 

center has several symmetry-related sites that are oriented uniquely within the crystal, 

giving rise to a potentially different g-factor angular dependence [127].  In GaN, each Ga 
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and N has the same tetrahedral coordination, but their bond angles are rotated by 60o
 in the 

c-plane, giving rise to six possible unique orientations for the MgGa hole localized on a 

basal neighbor N yet only one transition is seen from EPR.  To explain the phenomena of 

seeing only one signal, we attempt to model potential static Jahn-Teller distortions and 

calculate the resulting g-factor anisotropy.  By applying a crystal field along basal N-bonds 

Δζ with the additional spin-orbit coupling and axial crystal field terms, the g-factor angular 

dependence for each basal localization can be determined for a given magnitude of Δζ 

[122]. The resulting variation of g-factors are unsurprisingly similar to the results reported 

in Figure 4.11, with free-standing samples having a Δg of less than 0.01, resulting in EPR 

transitions that are less than 1 mT apart, and lead to multiple unresolved transitions merged 

into one signal.  

The DJT also must be discussed in heteroepitaxial thin-film samples that have a 

temperature-independent linewidth.  When the bi-axial crystal field is large, as is the case 

in thin-film and ammonothermal samples, the tunneling probability between vibronic states 

will be reduced and the distortion will now be static [127,128,130].  Since there will be no 

vibronic coupling in the static JT case and therefore no hopping between symmetry sites, 

there should be no observed temperature dependent linewidth broadening, as was observed 

in thin-film samples shown in Figure 4.13. 

4.8.2 A discussion of reduced Hamiltonian parameters gl and λ 

The orbital reduction factor, noted as gl in this text, is reduced from unity to account 

for an increased delocalization of an electron, often described as an increased covalency. 

gl < 1 is required to effectively model the g-factor anisotropy observed for the Mg acceptor 
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in section 4.1.  Two possible origins of gl < 1 are discussed below: the formation of 

extended molecular orbitals and a dynamic Jahn-Teller (DJT) effect.  

In the work of Stevens, it was shown that the mixing of atomic d and ligand p  

orbitals can be simplified by using only the atomic d-orbitals and replacing the operator L 

by glL [131].  By modifying the operator L to glL, both the orbital component of the magnet 

moment 𝝁𝐿 = 𝜇𝐵𝑔𝑙𝑳 and the spin-orbit coupling glλLS are altered.  When molecular 

orbitals are included, the value of gl is determined exclusively by the amount of atomic-

-ligand and ligand-ligand wavefunction overlap and the atomic spin-orbit coupling 

constant λ [92]. 

The second mechanism for reducing gl, the dynamic Jahn-Teller effect originates 

from a weak orbital degeneracy distortion [103]. This coupling of states with different 

orbital components creates a delocalized wavefunction.  The DJT coupling reduces gl and, 

additionally, lowers the spin-orbit coupling strength λ [Frank Ham 1965]. Unlike in the 

first example with delocalized molecular wavefunctions, the states being considered can 

be exclusively atomic. 

 The orbital reduction from either of the above-mentioned mechanism quenches the 

orbital angular momentum contribution to g-factor anisotropy, as seen in Eq. 3.4.  Currently 

in Mg0, gl is determined by fitting the g-factor anisotropy to experimental data.  

Computational methods allow for determining gl by calculating the electron-phonon 

coupling [132].  Currently, computational gl results do not exist for the Mg0 acceptor, but 

spin-density visualizations for a basal-oriented ground state suggest that gl and λ will be 

reduced [77]. 
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CHAPTER 5 

CONCLUSIONS 

5.1 Summary of Results 

In this work, I provide evidence from electron paramagnetic resonance experiments 

that supports the model for the Mg acceptor as a hole on a basal site in GaN.  By the 

application of crystal field theory, the magnitude of the bi-axial crystal field was shown to 

play a pivotal role in the Mg0 paramagnetic characteristics.  Electronic devices, such as 

field effect transistors, are dependent on high hole mobility.  Also, two-dimensional 

confinement requires small bi-axial crystal fields, which impact performance.  Currently, 

Mg is viewed as the sole successful p-type dopant in GaN .  By measuring the EPR Mg0 

characteristics, a qualitative assessment of the bi-axial crystal field local to the Mg acceptor 

can be determined, assisting in device design.  

The GaN:Mg samples studied varied significantly in several features: the Mg 

concentration ranged from 4x1017-2x20 cm-3, threading dislocations varied from 

5x104-1010 cm-2, and the thickness from 0.4-1000 µm.  This wide range of parameters was 

possible due to the many growth methods (MOVPE, MME, HVPE, ammothermal) 

available and allowed for the study of heteroepitaxial thin-film and thick, free-standing 

samples.  Homoepitaxial grown ammonothermal samples, which contained high 

concentrations of compensated O donors, were also included in this study and provided an 

additional test to the crystal field method for the Mg acceptor in GaN. 
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10 GHz EPR measurements at 3.5 K identified the EPR related Mg0 signal in all 

GaN:Mg samples with the best fit g-factors listed in Table 4.1.  The g-factor anisotropy 

was observed to be dependent on Mg concentration and Al alloying concentration.  

Mechanical strain from different threading dislocation densities and substrate-film 

interface also played a pivotal role in determining the g-factor, intensity, and lineshape 

anisotropy.  

The following summarizes the main significance of this work: 

1. A crystal field model employing biaxial strain was tested using the wide range 

of samples described above and in section 3.1. 

2. In most samples, the magnitude of Δx is determined by physical strain 

mechanisms, e.g. dislocation density, alloying concentration, or impurity 

concentration.  In free-standing homoepitaxial grown ammonothermal samples, 

which have significantly reduced bulk strain, however, the crystal field is caused 

by the large concentration of ionized donor sites.   

3. The model correctly predicted that, despite the small strain in ammonothermal 

samples, not only would the g-factor anisotropy be reduced as predicted by Aliev 

et al., but also the  intensity anisotropy would be reduced [84].  Additionally, the 

Mg hole was determined to be on basal sites by examining the EPR angular 

dependent intensity in thin-film and free-standing samples.  When the Mg hole is 

modelled to be on an axial N neighbor, the predicted anisotropic intensity is 

severely underestimated and does not agree with experimental results. 

4. Non-uniformities in the bi-axial crystal field are shown to be present in 

free-standing HVPE samples from the lineshape anisotropy, consistent with the 
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basal-N model.  In free-standing HVPE samples, small variations of Δx  can result 

in large variations of g⊥ (Δg⊥) but only a small distribution of g∥ (Δg∥) and dictate 

the angular dependent lineshape.  Frequency-dependent EPR measurements 

confirmed the linear dependence of linewidth on the microwave frequency 

predicted by the non-axial crystal field.   

5. The anisotropic lineshape observed in some thin-film samples are not caused by 

non-uniformity of the magnitude of Δx.  Instead,  the in-plane direction of the 

bi-axial crystal field, i.e. Δ𝑥 ⟶ Δ⊥ affects the angular dependent lineshape. 

6. The Mg-related EPR signal was observed to be temperature dependent in 

free-standing HVPE samples, increasing by nearly a factor of 2 over a range of 

2.5 K which is consistent with the basal-N crystal field model.  This significant 

change in linewidth could be evidence of the Mg acceptor hopping over a small 

energy barrier between equivalent basal N neighbor sites.  The orbital reduction 

factor gl and spin-orbit coupling constant λ are consistent with the small magnitude 

of the energy barrier. 

5.2 Future Work 

Throughout much of this work, I attempt to be particularly careful with specifying 

the EPR signal associated with the Mg acceptor as the “Mg-related EPR signal” and in the 

Results and Discussion chapter 4 I am able to merely conclude that the Mg acceptor hole 

is on a basal site.  I use these non-specific terms out of necessity, as my EPR measurements 

have been unable to conclude a specific site localization of the Mg acceptor.  Most 

commonly in EPR spectroscopy, the localization of a paramagnetic center can be 
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determined from the neighboring nuclei, which provide hyperfine and superhyperfine 

interaction terms into the spin Hamiltonian.  The Mg-related EPR signal, to date, has shown 

no evidence of resolved nuclear interactions but is suspected to be a dominant source of 

the 10-15 mT peak-to-peak linewidth.  Other experimental techniques have also been 

unsuccessful in local structure determination.  Therefore, the only knowledge to the 

specifics of hole localization is from computational DFT.  Described below are a few 

proposed experiments, with varying success rates predicted, that have the potential of 

revealing more information about local Mg acceptor interactions in GaN. 

5.2.1 ENDOR spectroscopy   

When a magnetic resonance scientist hears the words “potential unresolved 

hyperfine”, the technique Electron Nuclear DOuble Resonance (ENDOR) most likely pops 

into their mind. In ENDOR experiments, by saturating an EPR transition with microwaves, 

the spin system is then subjected to radio frequency photons in an attempt to change the 

nuclear spin population. By observing the change in EPR signal intensity as the nuclear 

spin population changes, precise electron-nuclear couplings can be observed.  With I = 1 

for N in 100% abundance and I = 3/2 for Ga with two isotopes, the expected ENDOR 

spectra will be full of spectroscopic information, most notably hyperfine coupling 

strengths. The chance of success for ENDOR experiments is questionable, as the 

spectroscopy has relatively low sensitivity.  However, if resonance is observed then there 

should be extremely valuable information pertaining to the localization of the Mg acceptor.  
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5.2.2 Lower temperature EPR measurements 

Lower temperature cw-EPR measurements also have a potential for revealing 

additional structure to the broad S=1/2 transition.  From an experimental point of view, 

temperatures of 1.5 K in EPR measurements have been achieved by pumping on the 

liquid He.  Although a change in 2 K might seem unimpressive, from Figure 4.12 (a) in 

section 4.8, we observed that the peak-to-peak linewidth of the Mg-related EPR signal in 

HVPE free-standing samples was very sensitive to temperature and increased by nearly 

100% in a 2.5 K range from 3.5-6 K.  Linearly extrapolating this linewidth trend, 

decreasing the temperature below 3.5 K should further decrease the peak-to-peak linewidth 

to less than 5 mT and potentially reveal additional information about the Mg acceptor. Of 

all the proposed future work, I would suggest this one as the most promising, as it does not 

require a lot of experimental equipment and is relatively inexpensive.  
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APPENDIX  

Calculating EPR Parameters From Hamiltonian Parameters For Mg0 

This section is intended to outline the procedure for calculating the g-factor 

anisotropy and intensity for a given EPR defect with a specified Hamiltonian.  

Computational calculations of EPR transition characteristics are straightforward when 

given a Hamiltonian and basis set for a S = ½ spin system [88,117].  Firstly, the 

Hamiltonian is separated into a magnetic field dependent component and independent 

component, i.e. 𝐻 = 𝐻𝑜 + 𝐻𝐵, here HB contains the magnetic field dependent interactions.  

In this work, many of the Mg EPR characteristics can be well described if Ho has the terms 

 

 𝐻𝑜 = ∆𝑧(𝐿̂𝑧
2 − 𝐿(𝐿 + 1) 3⁄ ) + ∆𝑥(𝐿̂𝑥

2 − 𝐿(𝐿 + 1) 3⁄ ) + 𝜆𝑳 ⋅ 𝑺 (A.1) 

 

Where the second term is a crystal field in the x-direction.  At resonance, the Zeeman 

energy splitting is very small compared to the energy terms in Ho (0.04 meV at 10 GHz).  

Therefore, HB is taken as a perturbation on Ho.  The magnetic-independent Hamiltonian Ho 

is diagonalized in a given basis set – in this work that basis set is atomic 2p orbitals.  At 

this point, an analytical diagonalization is not trivial.  Instead, numerical diagonalization 

was completed via MATLAB using explicit values for Δz, Δx, and λ.  If the elements of the 

matrix are of different orders of magnitude then, depending on the diagonalization 

algorithm, the eigenvector solution can be unstable and higher precision is required. The 

method used to find the matrix equivalent operators for L and S is given in a typical 
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quantum mechanics textbook.  The lowest energy state, now referred to as the ground state, 

should correspond to two distinct quantum states |𝑖⟩ and |𝑗⟩., i.e. be degenerate.  This 

degeneracy will be broken by the magnetic field-dependent term HB which is expressed in 

Eq. 2.5 (b).  The calculated EPR g-factors are expressed explicitly as  

 

 g𝑥 = 2|⟨i|(geŜx + glL̂x)|j⟩| (A.2a) 

 gy = 2|⟨i|(geŜy + glL̂y)|j⟩| (A.2b) 

 gz = 2|⟨i|(geŜz + glL̂z)|i⟩| (A.2c) 

 

 

The Mg-related EPR signal has axial symmetry about the c-axis, so g𝑥 = g𝑦 = g⊥ and 

g𝑧 = g∥. 

The next step is to calculate an EPR transition intensity by applying Eq 2.6.  The 

most computationally expensive component of calculating an EPR transition intensity 

comes from the first term of Eq. 2.10  

 

 |⟨𝑖|𝑯𝑚𝑤|𝑓⟩|2 (A.3) 

 

For a given angle θi between the static magnetic field B and the g-factor defect coordinates, 

the mixing between the ground state and excited states changes.  For the measurements in 

this work, the sample is rotated in a plane containing the c-axis and can now explicitly 

express Eq. 2.6 as  
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 𝐻̂𝐵 = 𝜇𝐵𝐵(cos(𝜃𝑖)[𝑆̂𝑧𝑔𝑒 + 𝑔𝑙𝐿̂𝑧] + sin(𝜃𝑖)[𝑆̂𝑥𝑔𝑒 + 𝑔𝑙𝐿̂𝑥]) (A.4) 

 

To do this we must first perform first order degenerate wavefunction corrections on the 

ground states |𝑖⟩ and |𝑗⟩, i.e. diagonalize the matrix   

 

 
𝐻̂𝐵 = (

⟨𝑖|𝐻̂𝐵|𝑖⟩ ⟨𝑗|𝐻̂𝐵|𝑖⟩

⟨𝑖|𝐻̂𝐵|𝑗⟩ ⟨𝑗|𝐻̂𝐵|𝑗⟩
) (A.5) 

 

and use the new wavefunctions |𝑖′⟩ and |𝑗′⟩ which are linear combinations of |𝑖⟩ and |𝑗⟩. 

By performing this diagonalization on the degenerate states, we are able to confidently 

perform non-degenerate perturbation without concern of a divergent correction term. 

Next, we need to find the magnetic field Bo at resonance. To first order, this is the 

linear response term calculated from “traditional EPR” analysis 𝐵𝑜 =
ℎ𝑣

𝜇0𝐵𝑔
, but higher 

order correction terms were also inspected to confirm that they are negligible. The change 

in energy for the states |𝑖′⟩ and |𝑗′⟩ from the applied magnetic field is  

 𝐸𝑛 = 𝐸𝑛
(0)

+ 𝐸𝑛
(1)

+ 𝐸𝑛
(2)

+ ⋯ (A.6a) 

 𝐸𝑛
(1)

= ⟨𝑛|𝐻̂𝐵|𝑛⟩ (A.6b) 

 
𝐸𝑛

(2)
= ∑

|⟨𝑚(0)|𝐻̂𝐵|𝑛(0)⟩|
2

𝐸𝑛
(0)

− 𝐸𝑚
(0)

𝑚≠𝑛

 (A.6.c) 
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where 𝐸𝑛
(𝑘)

 is the kth order perturbation term of the nth wavefunction.  Additionally, the 

order of the correction term k will correspond to the polynomial order of the magnetic field 

B. At resonance, the energy difference between the two spin states must be equal to the 

microwave photon energy hυ or  

 

 Δ𝐸 = ℎ𝜈 =  𝐸𝑖′ − 𝐸𝑗′ = (𝐸
𝑖′
(1)

− 𝐸
𝑗′
(1)

) + (𝐸
𝑖′
(2)

− 𝐸
𝑗′
(2)

) + ⋯ (A.7a) 

 ℎ𝜈 = 𝐶1𝐵 + 𝐶2𝐵2 + 𝐶3𝐵3 + ⋯ (A.7b) 

 

where Ck is the kth order non-magnetic field component energy difference between 

states|𝑖′⟩ and |𝑗′⟩.  These higher order terms represent the paramagnetic center’s non-linear 

response to an external magnetic field and, typically, account for less than a 0.1 mT change 

in the resonant position.  Now, for a given microwave frequency υ, we can solve the 

polynomial Eq. A.7b for the resonant magnetic field Bo. 

 We can now apply the perturbation of HB to the wavefunctions |𝑖′⟩ and |𝑗′⟩ 

to obtain correction terms to the wavefunction 

 

 |𝑖′′⟩ = |𝑖′⟩(0) + |𝑖′⟩(1) + |𝑖′⟩(2) + ⋯ (A.8a) 

 |𝑗′′⟩ = |𝑖′⟩(0) + |𝑖′⟩(1) + |𝑖′⟩(2) + ⋯ (A.8b) 

 

 

The last step in determining the intensity, is to compute Eq. 2.10 with the 

perturbation corrected wavefunctions.   
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As always, more complexity can be added to each of these steps.  For example, 

hybridization of orbitals can be modeled by a linear combination of atomic orbitals 

(LCAO).  Instead of exact diagonalization to determine eigen-states and eigen-energies, a 

self-consistent field (SCF) method can be applied [133].  For these methods to be applied, 

more information about hyperfine interactions must be determined. 
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