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ABSTRACT 

In this thesis measurements in wurtzite Gallium Nitride are made using 

muonium, M|i,=|i"^e. Muonium is created by implanting a positive muon into a 

host sample where it behaves as a light hydrogen-like isotope. Specifically, 

quadrupole level-crossing resonance (QLCR), transverse field (TF) and zero field 

(ZF) spin depolarization functions are used to examine Silicon doped and 

nominally undoped GaN samples. In these samples we have identified two 

distinct M|Li" sites, the c-axis and off c-axis anti-bonding (AB) Gallium sites. At 

low temperature the QLCR and ZF data indicate only one of these sites is 

occupied below 150K with a charge and site transition involving a second charge 

state occurring between 150K and 200K which results in the occupation of the 

second site. In addition to these transitions there are also transitions above 600K. 

At the higher temperatures the depolarization functions indicate a thermally 

activated hopping motion involving M|i" and having an energy barrier near lev. 

The polarization dependencies and features indicate the presence of additional 

M|Lt sites with transitions present among them as well. 
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CHAPTER I 

INTRODUCTION 

Hydrogen has long been known to play an important role in modifying 

semiconductor materials. It can dramatically affect the electronic properties; it can 

passivate dopants, impurities, and dangling bonds at defects, and act as deep and 

shallow level acceptors and donors. Hydrogen may be unintentionally introduced 

into crystalline semiconductors through growth, annealing, or some other processing 

phase. The understanding of how hydrogen and its complexes behave is important in 

characterizing the technological aspects. Hydrogen is incorporated into the material 

inadvertently but it also can be introduced intentionally. The intentional 

incorporation of hydrogen serves an important tool in the deliberate alteration of the 

semiconductor in tailoring the properties to specific applications. It is necessary to 

determine how the hydrogen behaves and how, under different situations, it affects 

the electronic properties. 

The properties of hydrogen complexes have been thoroughly examined and 

understood while those of isolated hydrogen are still under investigation. Analysis of 

isolated hydrogen is difficult because of the inability to develop a good detection 

method and also because of its high diffusivity and reactivity. Hydrogen behavior has 

been studied in semiconductors such as Silicon and Gallium Arsenide but the 

characterization in Gallium Nitride is still in the preliminary stages. The topic of this 

thesis is to introduce initial work that has gone into characterization of the muonium 

analogy of hydrogen in GaN. 



With the role of hydrogen in semiconductors so important, it would seem 

necessary to investigate and characterize the relevant properties. Fortunately, there 

exists a method to accomplish such a task. As it would happen, jiSR fits the bill. 

|iSR is an acronym for Muon Spin Research (or alternatively Relaxation, Resonance 

and Rotation). One major difference between |J,SR and most other methods, which 

uses hydrogen, is that it does not directly characterize Hydrogen's behavior. Instead 

|iSR utilizes the muon, to simulate Hydrogen making it possible to observe the 

dynamics and structures important in technological development. jiSR has been an 

invaluable tool in examining many areas of physics that include but is not exclusive 

to superconductors, magnetic materials and many areas of chemical physics. 

The observed quantity in jitSR experiments is the relative change of the muon 

polarization with respect to time, magnetic field strength, and temperature. While in 

a material the muon can couple with an un-paired electron via the hyperfine 

interaction in addition to experiencing a nuclear hyperfine interaction with 

neighboring nuclei and a Zeeman interaction with an applied magnetic field. These 

effects can result in non-dissipative oscillations of the muon spin with different 

frequency components in addition to the dissipative effects i.e. loss of polarization. 

The loss can be attributed to things such as motion, diffusion, and charge exchange of 

the muon. Comparison of these effects with theoretical models can give information 

about the local structure and properties of the muon site. To be able to observe these 

interactions with the muon we must be able to see the change in polarization of the 

muon spin. This is done using a beam of polarized muons that decay in the sample. 



Upon the decay a positron is emitted in a direction preferential to the spin and so by 

observing the direction of this positron we can obtain information on the muon spin 

behavior. 



CHAPTER II 

BACKGROUND 

History 

The first observation of the muon occurred in 1933 by Kunze while using a 

cloud chamber to analyze cosmic ray particles (Kunze 1933). In his experiment he 

observed a track created by an unyet discovered particle. Failing to signify this as a 

muon he instead left it identified as something with an existence between an electron 

and a proton and relegated its occurrence to a product of a nuclear explosion. A few 

years later, the discovery of a new elementary particle was recorded. Also through 

the use of a cloud chamber, Anderson and Neddermeyer were analyzing cosmic ray 

showers when they observed a new particle. They determined the new particle had 

one unit of charge with a mass between that of the proton and electron (Anderson 

1937). In the beginning it was hoped this new particle was the one theorized by 

Yukawa in 1934 to mediate the strong nuclear force. 

In 1934 Hideki Yukawa theorized the existence of not yet observed boson 

with mass that mediates the force between nucleons. The exchange of a massless 

boson would result in an incorrect coulomb like 1/r potential range for nuclear forces, 

but the exchange of a boson with mass results in a correct potential of a more 

desirable form ^ / , where a is proportional to the mass. In addition, he theorized 

that the boson (a meson) would be a product of high-energy nuclear collisions and 

that it may be an intermediate step in a neutrino producing decay. At the time of his 



predictions, the techniques were not yet available to observe the boson with mass and 

he was unable to test his theory. In 1947 the existence of this particle was confirmed 

by Anderson and Neddermeyer in an experiment that utilized photographic emulsions 

to observe charged particles. 

The photographic emulsions were placed at high altitudes to observe cosmic 

rays. When a charged particle passed through the emulsion it produced a "track" 

created by the formation of silver halide grains. In these tracks they were able to 

deduce the existence of the boson with mass along with a subsequent decay sequence. 

In the film they could see the pion (boson with mass) enter the emulsion and slow to 

a stop prior to the observed decay. The pion would decay into another charged 

particle, which then also slowed to a stop and decayed producing yet a third charged 

particle. They were able to clearly see the trajectory of the second charged particle in 

the film. These secondary paths in multiple films all had the same range, indicating 

the second particles were all emitted with the same energy, the result of a two-body 

decay. The observation was of pions decaying into muons with energies of 4.1 MeV 

and the muons decaying into positrons (electrons) with various energies. With 

consistencies between observations and theoretical expectations the muon and pion 

could be identified as those belonging to Yukawa's predictions. Research had unified 

the existence of the muon through pion decay as was first proposed by Yukawa. 



Basics of the Muon 

Muons can be produced from pions via the weak interaction (i.e. neutrinos are 

involved). Shown are decay processes for both positive and negative pions each 

having a lifefime of 26.04ns. 

(2.1) 

As indicated in the early experiments, the pion decays into two bodies through 

leptonic hadron decay. This is a decay when a hadron, the pion, decays into two (or 

more) leptons; the muon and neutrino. With the pion at rest the decay into two bodies 

results in the products always have the same energy; the emitted muon having energy 

of 4.12MeV (momentum of 29.79 MeV/c) and the neutrino having energy of 

29.8MeV (Williams 1991). 

The usefulness of the muon in )LiSR is due to the spin being 100% polarized 

with respect to its momentum direction. In the case of iLi"̂ , the spin is anti-parallel to 

its momentum while for \x' it is parallel. This is indicated for the decay of the pion in 

Figure 2.1. For TT"*", |i-neutrinos (v^) are produced and it is known that all neutrinos 

have negative helicity, i.e., the spin is anti-parallel to the momentum, H=-l. Because 

the pion has total angular momentum quantum number of zero the products of the 

decay must also, this requires the muon to have spin anti-parallel to the v^. To 

conserve momentum, the muon must be emitted anti-parallel to the direction of the 

v^; the muon has 100% spin and-parallel to the momentum vector. Similarly for n 



and |j,", although the helicity for the |X anti-neutrino is positive therefore the 

momentum and spins of corresponding particles are parallel. 

Following the decay of the pion, the muon will decay having a half-life of 

2.197|is. Unlike the pion decay, the muon decays into three particles via a pure 

leptonic interaction, a positron (electron) and two neutrinos. For each case, we have 

' - (2.2) 
// ^e +v^-HV;,. 

Again this decay is a product of the weak interaction. The energy of the decay 

positron ranges continuously from zero with the neutrinos moving in the opposite 

direction, to a maximum value of 52.3MeV with the neutrinos moving in the same 

direction (Figure 2.2). One important artifact of this decay is that it violates parity 

conservation, and hence the angular distribution of the emitted positron (electron) is 

strongly correlated to the spin of the muon. This property is crucial to jxSR. The 

probability distribution that a positron will be emitted at a polar angle, 0, from the 

momentum vector with an energy, £, can be determined from the electroweak theory 

to be 

W-{d,e)dedcose = —[{3-2e)T{l-2£)cosdY d€d cose (2.3) 

where x^ is the lifetime of the muon, £ the scaled energy E/Emax, the upper sign of ± 

is for the positron and lower for electron (Schenck 1985). Integrating over all 

possible values of £ (0 to 1) we have 

W{e)dcose = 
IK 

, cos^ 
l -h dcose. (2.4) 



A plot of W (G) is show in Figure 2.3 along with W (9,e=l). For E=Emax we see that 

the positron distribution is highly anisotropic, this is quite important when 

considering |j,SR. The actual observation of this anisotropic asymmetry was used to 

verify parity violafion in the weak interaction decay of muons. After the decay 

angular momentum must be conserved. The muon has spin Vi so the net angular 

momentum of the decay products must also be Vi. This is easily satisfied when the 

two decay neutrinos are made up of particle and antiparticle leptons with helicities -1 

and 1, respectively. As is the case here the muon decays into a neutrino with helicity 

-1 and an anti-neutrino with helicity 1. 

Comparison of Muonium and Hydrogen 

The observation of isolated atomic hydrogen impurities in semiconductors is 

very difficult at best. The charge states and site locations of hydrogen in 

semiconductors are important because the reactivity, diffusion, and electronic 

structure depend on this information. Due to the difficulty of hydrogen detection, an 

alternative method is needed. One such technique is the use of positive muons as a 

substitute for hydrogen. The lepton anti-particle, p,̂ , can be treated as the nucleus for 

a hydrogen-like exotic atom. It is expected to behave very similar to hydrogen (Table 

2.1). The use of the symbol ^ will now be used to designate a free positive muon 

and M|Li'*' to indicate the positive charge state of muonium in a host material, similarly 

for other charge states. The hydrogen like exotic atom muonium is Mji =[|i^,e"l. 

While Mp provides an excellent simulation for hydrogen in materials there are some 
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important effects worth nofing. The muon has a mass approximately 1/9 of the 

proton and so some properties in the materials will differ. The effect of reduced mass 

will be seen in the increase of the zero point motion. If the hydrogen and analogous 

muonium were the same, we would expect similar behavior between two equivalent 

structures and energy levels of the two impurities. Since there is a difference, the 

locafion of energy levels where Mp lies in a potential well will be higher than for 

hydrogen. From this, we may see a difference in diffusion from the change of 

relative barrier heights along with a change in diffusion dependent reactions and 

processes (Figure 2.4). At low temperatures, the tunneling mechanism between 

neighboring sites will vary between Mp and hydrogen. The increase in zero point 

motion will alter quantum diffusion at those temperatures where the effects are 

important. 

Both the muon and the hydrogen have a spin of V2 but because of mass 

differences the muon has a magnetic moment that is much greater than that of the 

hydrogen. The magnetic moment for the muon is 3.1833 times that of the proton with 

the hyperfine parameters for the paramagnetic states being proportional to magnetic 

moments. Because muonium and hydrogen have the same spin and charge, the 

electronic structures will be nearly the same. A bound electron will be unable to 

differentiate between whether it is on a p^ nucleus or a proton. This will be important 

when comparing bound Mp° and H° sites in materials. Another limitation is the 

muon lifetime. The lifetime can limit some of the possible states occupied by the 

muon in addidon to altering the final equilibrium state. At low temperatures, this can 

be more predominant because longer times are needed for formation of an 
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equilibrium state. If the rates at which states form are long in comparison to the 

lifefime the probability of observing that state is small, making it difficult to correctly 

characterize the hydrogen impurity. As a result, the observation of a site that has not 

yet reached its stable configurafion may be made. 

Mass Production of the Muon 

pSR is used to study the dynamics and electrical properties of muonium states 

in materials. This is done by implanting a muon into a sample and observing the 

decay. The two main facilities we have used for these experiments are ISIS and 

TRIUMF. ISIS is located at Rutherford Appleton Labs (RAL) in the countryside of 

southern England. The main purpose of this facility is that of a neutron spallation 

source but it also has an experimental area that is dedicated to muon production. The 

synchrotron at RAL is operated to produce a double pulse structured proton beam 

with an intensity of 200pA at 800MeV. It generates a proton pulse with a circulation 

frequency of 50Hz that operates twice within a cycle so as to produce a double pulse 

(Figure 2.5). The pulse structures are separated by a time of 20ms between groups of 

double pulses. The double pulses are separated by 330ns with a FWHM of 70ns each 

proton pulse. The structure of the proton pulse is important because it directly effects 

the structure of the muon pulses used in the pSR area. The TRIUMF facility in 

Vancouver, Canada differs from RAL in the proton beam structure. At TRIUMF the 

proton production is achieved by the use of a cyclotron which creates a beam having 

pulse structures of 20ns. With such a short fime interval between pulses the beam 

produced is considered to be continuous. In either case, the proton beams are used to 
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produce pions in similar methods. The proton beams are aimed at pion production 

targets that typically have a low atomic number. Production targets are usually made 

of carbon or beryllium slabs that have a thickness on the order of millimeters. The 

low atomic number is ideal for pion production and for the minimization of proton 

scattering from the target. This is necessary because most of the protons must pass 

through so they can be used elsewhere; only a small percentage is used in pion 

production. The remaining protons are used for other purposes such as in the neutron 

spallation source at RAL. 

In the collision of the proton with the target nuclei, it is necessary that the 

incident proton have a kinetic energy great enough to produce pions, i.e., the center of 

mass energy must be greater than that of the pion rest mass. The possible single-pion 

production reactions are: 

p + p—^p + n + TT^ p + n^>p + n + 7i:° 

p + p^p + p + TT^ p-'rn-^p + p + K' 

p + p^^d+Jt^ p + n^n + n + TT'^ ^2<\ 

In these reactions TI"*" is typically 5 times more likely to be produced than n. In 

addition, it is also possible to produce pions via reactions resulting in pion pairs but 

these require sufficiently high energies and are far less common. 

There are two types of muon production beams. Surface muon beams and 

decay channel beams. Decay channel beams use pions that have sufficiently high 

energy when they leave the target. These pions are collected and directed down a 

superconducting solenoid where they decay in flight into muons. This type of beam 

is capable of producing both p"̂  and p" with very large momentum distributions. The 
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second type, the one of primary use, is a surface muon beam using low energy pions. 

Upon creation in the target material, the pions have low energy and are stopped just 

inside the target surface and decay (Figure 2.6). The product muons have low 

energies of 4. IMeV and are 100% spin polarized. The low energy muons are 

collected using a pair of quadrupole magnets to form the muon beam line. Because 

the pion production is contained inside the target material the n and p" particles are 

not observed. Before n can decay or leave the target it reacts and is captured by 

target nuclei, this results in the emitted muons being almost entirely p"*". 

The beam line contains dipole magnets that bend or redirect the muon beam 

along with quadrupole magnets that are used to focus horizontal and vertical 

components of the beam. The momentum of the muons in the beam is selected by 

setting the magnetic field in the bending magnets of the beam line. Positrons also 

exist in the beam from the decay of muons in flight. These are easily removed by 

using a separator with crossed electric and magnetic fields. The end result is a beam 

of positive muons with 100% spin polarization in the direction opposite of their 

momentum having a relatively narrow velocity distribution. The muon polarization 

stays locked along the momentum direction even after passing through various 

magnetic fields. Maintaining the beam polarization through the bending and focusing 

steps is made possible from the Larmour and cyclotron frequencies being the same. 
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Structure of Host Material and Muonium Site Locations 

GaN is a member of the III-IV semiconductor group, it forms in a loosely 

packed covalentiy-bonded hexagonal structure, wurtzite, where each atom has four 

nearest neighbors. The basis of the unit cell consists of two atoms, one Gallium and 

one Nitrogen. Each atomic species individually forms hexagonal close packing 

(HCP)-like structures where the opposite species is displaced along the c-axis by 3/8 

of the cell height. Each atom at the center of a cell is along the same threefold axis 

(c-axis). The structure formed by the local bonding is a tetrahedron with one atom at 

the center and four nearest neighbors of opposite type at the vertices. The tetrahedron 

in wurtzite structure is slightly irregular, unlike that of the diamond and zincblende 

structures which have a different stacking sequence. In Wurtzite, the stacking 

sequence is AB AB AB... where A is the first layer of the hexagonal structure and B 

the second layer, both of like atoms. For zincblende and diamond it is ABC ABC... 

where the third layer similar to the first but is transformed by a 60° rotation about the 

c-axis. The packing fraction for wurtzite is close to the ideal value, the lattice is 

similar to a HCP structure being formed by the largest atoms with the smaller atoms 

filling in the voids creating a second HCP-like arrangement within the first (Figures 

2.7 and 2.8) (Christman 1988). 

Through a series of experiments the possible interstitial sites for muonium in 

common semiconductors have been well established (Patterson 1988). There exists 

three possible charge states of muonium Mp^, Mp°, and Mp". The charge state which 

exists in a sample depends on the Fermi level, temperature, and dopant concentration. 

For a number of diamond and zincblende structured semiconductors it has been 

13 



shown that the Mp can exist in two distinct locations, the bond centered (BC) and 

tetrahedral (T) sites. The observation of an isotropic hyperfine parameter can be the 

result of two cases (Kiefi and Estie 1991). First, Mp° may occupy a site with an 

isotropic hyperfine parameter, this would correspond to the location in a tetrahedral 

site. The T-site has the muonium centered in a cage composed of four like atoms as 

nearest neighbors and six atoms of different species (in binary compounds) as next 

nearest neighbors. It is not currently known whether the muon site is actually at the 

center of the cage or, because of zero point motion, if it motionally averages between 

equivalent sites within the structure. Inspection of the measured isotropic hyperfine 

parameters in many different semiconductors indicates that the bound electron orbital 

about the muon is larger in comparison to the vacuum state of Mu° (Kiefi and Estle 

1991). In compounds like GaAs and GaP, there exists two inequivalent T-sites, one 

having Ga as the four nearest neighbors and As/P as the next nearest while the second 

has Ga as next nearest neighbors and As/P as nearest neighbors. In wurtzite 

structures the open cage-like regions are not as distinctly different as in zincblende. 

There is no site where there is only one type of nearest neighbor, i.e., the cage 

structure in GaN has both Gallium and Nitrogen nearest neighbors. The second 

possible reason for observing a symmetric hyperfine parameter would be the motion 

of the muon between local sites that do not have symmetric hyperfine parameters. 

The motion causes an apparent averaging of the hyperfine fields. 

The bond-centered site consists of the muon sitting at or near the center of a 

bond between two atoms. In GaN and GaAs the muonium would be between a 

gallium atom and a Nitrogen/Arsenic atom. The unpaired electron spin density is 
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located primarily at the two nearest neighbors (i.e.. on Ga and N) with the muon 

located within the covalent bond between the two host atoms (Estreicher 1987). The 

bond-centered site is characterized by a highly anisotropic hyperfine tensor that is 

axially symmetric along the covalent bond direction. The two neighboring atoms 

have a large outward relaxation from the equilibrium positions resulting in bond 

length increase of about 32% for GaAs and similarly for silicon (Estreicher 1987). 

equivalent behavior is expected for GaN. The hyperfine parameter can be described 

by two components, Ai and An. An is the component parallel to the covalent bond 

crystallographic direction and Ai is the perpendicular component. In comparison, the 

All and Ai values are usually many times smaller than that of A ,̂ the hyperfine 

parameter at an open cage-like structure with atomic like behavior. Table 2.2 contains 

values for the hyperfine parameters in GaAs and Si at low temperatures. 

Additional muonium states include Mp^ and Mp" where there are no unpaired 

electrons and therefore no hyperfine parameters. These diamagnetic states are much 

more difficult to characterize, the dominant interactions are much weaker than the 

hyperfine interaction. For Mp^, the most likely site location is in the bond center, 

although no direct experimental proof currently exists. Theoretical expectations 

predict this site to be desirable because of the high electron density in the covalent 

bond, the positive muon is in a low energy state when it resides at this location. 

Another possible site for Mp^ is the T-site cage, with group V nearest 

neighbors. The atoms in these structures retain some ionicity when they participate in 

bonding, for the group V elements the cage is slightly electro-negative and the muon 
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prefers this site location over the other T-site (Lichti et al. 1997). The Mp" charge 

state prefers to locate itself in the group III cage. Reason again being the negative 

charged muonium prefers the site that is the least elecro-negative and also because the 

increased size of the exotic atom fits more readily into the open structure. 

A third likely site involves bonding of muonium with the anti-bonding orbital 

of a host atom. In the zincblende structure these sites are within the tetrahedral cage, 

but are off center. For Mp' and possibly Mp° the expected AB site would be on a 

group III atom with the muon along the bond direction on the opposite side of the 

weakened host bond (Estreicher and Boucher 1996). Two inequivalent AB sites exist 

in the hexagonal wurtzite structure, one parallel to the c-axis and the second oriented 

off the c-axis. The c-axis site has the muon-Gallium bond along the c-axis direction 

while the less confined off axis bond is at an angle of about 70° with respect to the c-

axis. In GaN, within the basic bonding tetrahedron, there are three equivalent off axis 

AB sites and one AB site on the c-axis associated with the central atom. Some 

calculations (Neugebauer and Van de Walle 1995) have Mp^ in GaN located at the 

ABN site, which has similar on and off-axis orientations. Overall the anticipated 

locations for muonium in the hexagonal wurtzite structure of GaN include the BC and 

AB sites and possibly additional sites in the more open regions of the structure. The 

neutral charge state, Mp°, could perhaps be located in any of these types of locations, 

but should be more strongly associated with Ga as the least electro-negative atom. 

The Mp" location is expected to be a Gallium AB site and Mp"*" has been predicted to 

reside at either a BC or a ABN site. Estreicher and Boucher (1996) provide a good 
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discussion of the various site predictions, and where there is agreement and areas of 

disagreement among the various theoretical results. 

Detection of the Muon Decay 

When a polarized muon stops in a sample it interacts with the local system, 

eventually decaying and emitting a positron. The positron crosses detectors and the 

information is recorded. The detectors are composed of a combination of light guides 

and scintillators. When the positron passes through the scintillators it creates a light 

pulse which is carried by the light guides to photomultiplier tubes (PMT) which then 

send an electronic signal to the counting room. The counting room contains all the 

electronic timing devices and computers used in assimilating the data. The modes of 

observing muon decay are time differential (TD) and time integral (TI). TD is 

necessary when it is important to obtain time dependence of the muon polarization. 

The time dependence of the decay can be extracted by comparing the time of 

observation of the positron in relation to the implantation of the muon. In time 

integral detection the time dependence of the polarization isn't observed, only the 

change of polarization. For TI the interest is in the total number of events and not the 

time dependence. 

At facilities such as TRIUMF where the source beam is continuous it becomes 

more difficult to perform the TD technique. Here the muons are continuously 

bombarding the target and it becomes necessary for the electronics to be able to 

correlate one observed positron with its parent muon. Single muons are implanted 

into the sample and the decay is detected. This must be done before the arrival of the 
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next muon. The rate must be limited so that the probability of an incoming muon 

arriving within about eight lifetimes is small. If too many muons are observed it 

becomes difficult to make the necessary correlation. The muons effectively pile up, a 

new muon enters the sample before the previous muon decays. When this happens 

the electronics must discard counts for both muons because it is not clear to which 

one the emitted positron belongs. This lengthens the time necessary to collect a 

sufficient number of events. When running TI at TRIUMF or TI and TD at a pulsed 

source (ISIS) this isn't necessary. At pulsed sources, the positron is not correlated to 

the individual parent muon, but to the arrival of the pulse. Instead of the system 

detecting one positron at a time, the distribution of positrons from the muon pulse is 

recorded. The start gate is triggered by the arrival of the pulse. One notable 

drawback is the time resolution of the TD method is limited by the pulse width, 

thereby placing an upper limit to observable frequencies and relaxation rates. 

Counter arrangements 

A representation of the counter arrangement is show in figure 2.9. The first 

counter in the group is the thin muon counter, and is located within the beam just 

prior to the sample. The purpose is to record when a muon passes, enabling the 

electronics to register the start of an event. It is necessary for the muon counter to be 

as thin as possible to minimize scattering of the muons and also to limit degradation 

of the muon beam from muons stopping in the counter. The directional dependence of 

the decay is recorded by the knowledge of which counter the positron crosses. There 

are, in general, six basic position counters: front (F), back (B), left (L), right (R), up 
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(U), and down (D). The location of these counters is given in relation to the direction 

of the muon momentum while located at the sample. In many experiments only two 

of the counters are used. The counters used depend upon the type of external applied 

field. The fine details of instrumental arrangements vary depending on which 

apparatus is used. The actual alignments of fields and spin may vary but the results 

are the same. For discussion purposes, the following is considered to be the standard. 

In a transverse field arrangement (TF), the spin direction is perpendicular to the 

applied external magnetic field. The easiest arrangement would be to apply the field 

perpendicular to the beam direction so it is then also perpendicular to the spin. This 

is useful when the applied field is very low (less than lOOG); however, an adjustment 

must be made if we wish to apply strong transverse fields. As the fields increase, the 

radius of curvature displayed by a charged particle (muon) moving through the field 

decreases, causing the muon to miss the target. To compensate, the muon spin is 

rotated 90° by passing through a filter and the field is then applied along the direction 

of the momentum. 

In Longitudinal Field (LF) experiments, the field is applied parallel to the 

muon spin, it is used to study spin-lattice relaxation (1/Ti) while TF observes spin-

spin relaxation (I/T2). A variation of LF is Zero Field (ZF) where no external fields 

are applied (with the exception of trim fields intended to eliminate any stray external 

fields at the sample). In the commonly accepted coordinate system, the z-axis is 

directed along the muon momentum and the x and y axies follow with the 

conventional right-handed system. In LF and ZF the spin is again along -z while the 

applied LF is along z, here the two counters would be the front and back pair. For TF 
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where the spin has been rotated 90° the muon spin polarization is along the x direction 

while the external field is in the z direction. The counters for this arrangement would 

be the opposing pair perpendicular to the field, usually the top and bottom. For weak 

transverse fields where the spin is not rotated, the field is in the x direction and the 

spin in the -z direction. 

Counter Electronics 

Electronics are needed to detect the decay positrons from implanted muons. It 

is important for the electronics to function as coincidence and anti-coincidence 

counters to eliminate false signals. Once the PMT receives the light pulse generated 

by the positron it converts it to a NEM (nuclear instrumentation module) pulse of a 

few nanoseconds. The pulse is sent to coincidence and anti-coincidence circuitry 

utilizing constant fraction discriminators (CFD) that are important in synchronizing 

the counters. A time interval is pre-set for when the circuitry is to detect a positron 

after recording a stopped muon. This time interval, the gate, is usually on the order of 

8 muon lifetimes and is created by the gate generator. However, at the TRIUMF 

facility the gate is set between 4 and 6 lifetimes due to a large background signal. If a 

second muon is recorded before the detection of a positron or the end of the gate 

pulse, the pile up gate is triggered and the muon event is discarded. Once the thin 

muon counter is triggered a clock is started to record the time history of the decay 

event. The clock is stopped when a counter records a positron. The time interval 

between the implanting of the muon and detection of a positron corresponds to a 
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particular channel in the time histogram. When a time is measured the matching 

histogram in the histogram memory module is incremented by one. 

General Polarization Function 

The number of observed events for one particular positron counter can be 

shown to follow 

- ' / 
N^(e,t) = N^^e "^'[1 + AGXt)cos(0-(a)]-b (2.6) 

for TF and 

Â , = N^^' [1 + AG^ (r)cos(^)] - b (2.7) 

for LF and ZF. No is the normalization constant, and e"̂ ^ represents the loss of events 

due to the decay of muons with time. A is an experimental constant and carries 

information about the properties of muon decay and counter solid angle, b is the 

background noise. The angle 0 is measured between the initial muon polarization 

direction and the location of the counter while cô  is the muon precession at the 

Larmour frequency for an applied transverse field. Gx(t) is the Larmour damping 

function for TF and Gz(t) the longitudinal relaxation function for LF. All information 

about the evolution of the polarization is contained in G(t) and describes the time 

dependence of the x (TF) and z (ZF) components. The polarization function, P(t), is 

the projection of the muon spin along the axis of interest, for TF P(t)=Gx(t)cos(0-cot) 

and similarly P(t)=Gz(t)cos(0) for LF. The data are displayed as a difference between 

two opposing counters or asymmetries. The polarization for opposing counters is 
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then P(0=O)=-P(e=7i;) where the second counter is 180° from the first. With proper 

background subtraction the asymmetries can the be written as 

^^^^^ ^ N(0,t)-aN(7i,t) 

N(0,t)-h(xN(7i,t) 
(2.8) 

a is used to account for the difference in solid angle between instrumental 

• forward/backward counters and can be fit experimentally. AG(t) is the signal of 

interest and h is what is used in TD-pSR for analysis. Examples of TF pSR spectra 

are shown in Figures 2.10, and 2.11. The first is raw data of the time spectrum of 

events in relation to the implantation of the muon. In 2.10 we can clearly see the 

exponential decay of the muon life with the superposition of the damped muon 

precession signal. Figure 2.11 is the asymmetry with the background and exponential 

decay removed. The precession damping, AG(t), becomes clear here. Figure 2.12 

shows an example of zero field corrected asymmetry, the functional form of these 

signals will be discussed shortly. 

To obtain the general form for the polarization of the muon spin system we 

start with the states of the muon and electron (Chow, Hitti, and Kiefl). The density 

matrix for our system with mixed states of a muon and electron is 

p{t) = 
1 

2(2/ +1) N 

i^k 
1 + Pit) (7 + P^it)T + ^P {t)(T'T 

j^k 

(2.9) 

where (J, r are the Pauli spin matrices for the muon and electron, respectively. The 

components are 

(7 = T , = 
.X X 

(0 1 

1 0 
y = ^y = 

ro 
s^ 

-i^ 

^ 

C7, = r . = 
fl 

[^ 
0 ^ 

- 1 
. (2.10) 
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The polarization for the muon, electron and mixed states are as follows: 

? ( 0 = Tr[p{t)a] 

'p,{t) = Tr[p{t)z] (2.11) 

P (0 = r r [p(OcrV]. 

When muonium is initially formed, the probability of it entering a state with an 

electron with spin up or spin down is equal. The result is a mixed state of the two, 

with equal components for each. We then have the initial polarization of the electron 

to be zero and also that of the mixed state; P.(0) = 0 and P^' (0) = 0. The initial 

density matrix is then 

If the initial polarization is 100% in the direction C\ (l=x,y,z), then P(0) -cr = CFi. It 

follows 

p(0) = ^ A^ + CTi]- (2.13) 
^ 2(2/ +1)'' 

The time evolution of p follows the Heisenberg relation 

in^ = [H,p] (2.14) 
dt 

which has the solution 

p(r) = / " ' ^ / 7 ( 0 ) / ' ^ . (2.15) 

The time evolution of the polarization will be, using equations 2.13 and 2.15 into 

2.11, 
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P{t) = 
1 

2(2/-fl) N Tr 
-iHi/ iHt/-*' 

e / ^ l + cr,)^ /̂ 'cr (2.16) 

The eigenvector \£.) of the Hamiltonian, H, has the energy eigenvalue Ej. So then 

equation 2.16 becomes 

Pit) 
-iHt/ iHt, 

HlJ + D'tj 
{£\e /̂ 'cr̂ e /'' £.){e^cj\e) (2.17) 

Looking at the component of Pit) that is along the s direction (s=x,y,z) we have 

1 -iHt/ iHt/ 

lilj + l)'' f ^ ^ ' ' ' ' / \ ' '' '̂  
(2.18) 

f.-̂ . 
for the case where s=l with the frequency between two eigenstates as co- j = ' y*. , 

and using the relation 

H(«.K|«>)' = I|(^.k'k.)f + I|(^,k'k>>| = 2(2/ + 1)" (2.19) 
'J t,J*l 

we have 

P(A = i_ y 1 -\{£.\a, £\\ -H y 7̂  fe cr, f.) . (2.20) 
'^^ ,:^,-2(2/ + l)^l^ '' ' /̂l ,^,-2(2/-fl)^l^ '' /̂ 

Further reduction gives 

,-""'•/ 

:2 (2 / - f l ) N |(^J^/k;) + 

^-'- . . . ' 

^.^TITTI^I^^'I^'I^^) i^-2(2/ + l) 

Interchanging indices of ^ to ^^ and using C0ij=-C0ji we have 

(2.21) 

p Cf) = 1 - y TT te Icr, £j\ • |1 - cos(dy. 01 
^^^ ,^ .2(2/ + l)''l^ '' ' ^i\ ^ '̂  '-' 
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the time dependant polarization component in the direction of the initial polarization. 

Hamiltonian of the Spin Systems 

The energy levels, | f.), in the general form of the polarization are eigenstates 

of the system Hamiltonian. For muonium in a magnetic field the corresponding 

Hamiltonian is 

H=H^e-^ Hh + H^^ (2.23) 

where 

H,„=-rB.l 

H.j=-yB*~S (2.24) 

Hze and H^^ are the Zeeman interactions of the electron and muon with the magnetic 

field, respectively, and Hh represents the hyperfine interaction between the muon and 

electron with A being the hyperfine tensor. For Mp^ '̂ the hyperfine term vanishes. 

In the presence of a solid state host additional interactions are also present when the 

neighboring nuclei have spin. Some of the interactions include the nuclear hyperfine 

interaction, the muon-nucleon dipole interaction and the quadrupolar interaction. The 

spin Hamiltonian is then 

H = H , ,+H, , + H , + 
- • 1 - . - ' i - • I 

I»D • ! + S » A „ » J - h y ; B « J -hJ •Q • ! 
(2.25) 

where interactions between nuclei have been ignored. The terms in the brackets 

correspond to the nuclear-dipole interaction Hd with D the dipolar tensor, the nuclear 
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hyperfine interaction Hhn with An the hyperfine tensor, the nuclear Zeeman 

interaction H-n, and the nuclear quadrapole interaction HQ with Q the quadrupolar 

tensor having a dependence on the electric field gradient. The sum outside the 

bracket is over all relevant neighboring nuclei that have a significant contribution to 

the energy states. In the cases of diamagnetic muonium all the terms involving the 

electron vanish, so for Mp^ '̂ 

fi = H,,+ //,„ +H,+HQ. (2.26) 

In semiconductors, two different Mp° states are seen having distinct hyperfine 

symmetries. The first is isotropic, the hyperfine tensor then reduces to a constant 

coefficient, A^, multiplied by the identity matrix. This is the case when Mp° occupies 

a symmetric site such as the tetrahedral cage. The second case has an anisotropic 

hyperfine interaction with axial symmetry. In cubic and HCP-like semiconductors 

such as GaAs and GaN, the hyperfine tensor is diagonalized with An parallel and Ai 

perpendicular components in relation to the axis along the bond direction. For an 

isotropic hyperfine, the contribution to the Hamiltonian takes the form 

H,=^AJ»'S (2.27) 

and the anisotropic hyperfine becomes 

H,=-Aj^l + ̂ {A-A^ij^n)^^n) (2.28) 

where n is the unit vector along the axis of symmetry (bond direction). In the 

paramagnetic states (Mp°) when the neighboring nuclei have spin Vz or 0 the 

hyperfine interaction dominates and adequate solutions are found using 
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H - H^^ + H^^ + H^ where the interactions involving nuclei are negligible. The 

eigenvectors and eigenvalues for the Hamiltonian depend upon the orientation of the 

applied field in relation to the symmetry axis. For cases with e=0°,90° the solutions 

can be found analytically. However, for other directions the solutions must be 

determined numerically When the host atom spin is greater than Vi the quadrupolar 

terms are necessarily included. For these states at low fields, the quantization axis for 

the eigenstates is along the direction of the electric field gradient symmetry axis since 

the quadrupolar coupling is the dominant interaction. At much higher fields where 

B )) HQ the interaction becomes decoupled and Zeeman states become the good 

eigenstates. Figure 2.13 shows a graphical representation of the energy levels of Mp° 

with a symmetric hyperfine interaction for an applied field. Breit-Rabi diagrams are 

useful in illustrating energy levels of energy eigenvectors versus applied field and are 

also available for asymmetric hyperfine interactions with various field directions. 
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Table 2.1 Physical Properties of Muon and Proton 

Mass 

Charge 

Spin {n) 

Magnetic 
Moment jî  

Gyromagnetic 

Ratio ^ 
2;r 

Lifetime 

Muon 

105.66 MeV/c' 
.1126mp 
±e 

Vi 

3.183344^p 

13.5534 kHz/G 

2.19714|Lis 

Proton 

938.28 MeV/c' 
Imp 
±e 

1/2 

iMp 

4.258 kHz/G 

stable 
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Table 2.2 Hyperfine Parameters in Si and GaAs (Low Temp) 

Chemical 
Si 

GaAs 

Parameter 
A^ = 2006.3 MHz 
All =-16.82 MHz 
Aj. =-92.59 MHz 
A^ = 2883.6 MHz 
All =218.54 MHz 
Ai = 87.87 MHz 
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Figure 2.1 Decay of Positive and Negative Pions, Showing Production of Muons 
and Neutrinos. S and P Indicate Spin and Momentum Directions. 
Respectively. 
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Figure 2.2 Decay of Positive Muon Lito Positron and Neutrinos. Case for 
E = EMax (Brewer 1998). 
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Figure 2.3 Probability Distribution for Positron Emitted Through Muon Decay, (a) 
Averaged for All Energies, (b) For Case for E = EMBX- Angle 0 
Measured from Muon Spin Direction is Shown in (b) (Jungmann 1998). 
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Figure 2.4 Ground State Energies of Muonium and Hydrogen in a Potential Well. 
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Figure 2.5 Parabolic Pulse Structure of ISIS Proton Beam Having 70ns FWHM and 
20ms Between Pulse Pairs (Eaton 1998). 
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Figure 2.6 Production of Low Energy Pions and Subsequent Decay into Surface 
Muons with Collection into Beam Line. 
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Figure 2.7 Chain Diagram Showing Comparison of Zinc-Blend and Wurtzite 
Structures. BC, AB, and T Are For Bond Centered, Anti-Bonding, and 
Open Cage-Like Structures, Respectively (Triumf Research Proposal). 
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Figure 2.8 Wurtzite and Zincblende Structures of Gallium Nitride 
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Figure 2.9 Locations of Counters in Relation to Muon in Sample. P^ and p^ are the 
Muon Polarization and Momentum Directions, Respectively. 
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Figure 2.10 Raw Asymmetry For TF Measurements Showing Exponential Decay of 
Muon. 
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Figure 2.11 Corrected Asymmetry For TF Measurements. 
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Figure 2.12 Kubo-Toyabe Function For Values of t/A (Uemura 1998). 
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Figure 2.13 Breit-Rabi Energy Level Diagram For Isotropic Mp^ With Eigenstates £{ 
(1=1,2,3,4) (Patterson 1998). 
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CHAPTER UI 

EXPERIMENTAL TECHNIQUES 

Transverse Field Relaxation Function 

The polarization derived in the previous section describes what happens to a 

single muon in a static magnetic field. In pSR we are actually looking at an ensemble 

of muon spins interacting with local fields that vary between the sites. When 

considering the different interactions such as the dipole and hyperfine interactions we 

must realize that these contribute to the oscillation of each muon by unequal amounts. 

For the diamagnetic state, Mp '̂'", the contributing component is the dipole interaction. 

When an external magnetic field. Ho, is applied to Mp"̂ "̂ the muon spin will precess 

about the transverse component of the effective field at the Larmour frequency. For a 

static magnetic field the effective field at the site of the muon is H=( Hx, Hy, Ho+Hz) 

with the initial muon polarization P(0) = a^. The time evolution of the polarization 

will be 

[coŝ  e -h sin^ ecos{X^Ht'^ (3.1) PXt) = Pio) 

where 0 is the angle of H with P(0). The surrounding nuclear spins contributing to 

the local field are randomly oriented and each component follows a Gaussian 

distribution. The component of interest is the one along the applied external field. 

The resulting effective field in this direction will have a Gaussian distribution about 

Ho, resulting in a Gaussian distribution of precession frequencies about Y^HQ. Some 

of the muons will precess faster than the Larmour frequency and others slower. The 
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spread in the dipolar field results in dephasing of the muon spins in the ensemble and 

is seen as a damping of the precession signal. The damping follows a Gaussian 

2 2 

envelope G^it) = e'"" ' where a, the damping parameter, is related to the dipolar field 

strength at the muon, see Figure 2.11. 

In the high transverse field limit the damping parameter of the function 

G^it) = e'""' depends on the second moment of the dipolar field, cr̂  = (HAYI • ^^^ 

dominant interaction is between the two magnetic dipole moments 

//.._ = dip 3 
J.7 3^'r)^»"r) f>"r„r/ - ^ '^- '^^ 

2 

J 

(3.2) 

where r is the location vector between the muon and nucleus. Upon further 

reduction, the surviving secular term in polar coordinates for two unlike spins is 

H,^ = ^!-^S^l.{\-c^^'6). (3.3) 

r 

Evaluating and summing over all neighboring nuclei, the form of the 2"̂ * moment of 

the dipole field can be found (Van Vleck 1948) 
N 

M2=7lt.if^U- (3.4) 
7=1 

The second moment is a measure of the spread of random dipolar fields at the muon 

in the direction of quantization, as in this case the direction of the applied field. 

However, when neighboring nuclei have spin greater than Vi the quadrupolar 

interaction must be included. Previously, the quantization axis was defined by the 

Zeeman eigenstate, with the inclusion of the quadrupolar contribution the 
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quantization axis changes. The interaction with the nuclear moments and electric 

field gradient becomes important. The nuclear spins are no longer quantized along 

the Zeeman direction but along a direction that depends on both the Zeeman 

interaction and quadrupolar interaction (Hartman 1977). The quantization axis for the 

nucleus becomes a mixture of components from expected values in the x direction, 

' (y^), and the z direction, (7^). The second moment from the dipolar and 

quadrupolar contributions is 

^ 20 =—^ri^'^y. 
'^ 27-Hr' ' y 

/ , \2 3cos^^-l / , \2 3sin^cos^ 
{J^)i 3 + {•>.). 

r r 
(3.5) 

For strong external fields we again approach the situation where Zeeman eigenstates 

are good eigenstates, the quadrupole contribution becomes quenched and we have 

(^J^y = 0 and we return to the Van Vleck form. The 2"̂ * moment is direction 

dependent and can be characterized by measuring the line width as a function of field 

direction and strength. At 3cos^0-l=O the Van Vleck component disappears and the 

field dependence is strongest (Figure 3.1). 

States where the hyperfine interaction is present exhibit a different behavior. 

The oscillation frequencies will not be the same as those for diamagnetic Mp. The 

energy eigenstates of the Hamiltonian for isotropic paramagnetic Mp given in 

equation 2.23 are given below (Kiefl and Kreitzman 1992). The energy eigenstates, 

IfA , will be a mixture of the Zeeman eigenstates of the muon and electron. 
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|f2) = cosa|-+) + sina| + -) 

k3)=|--> 
|£4) = cosa|-f- - ) - sin|- -I-) 

(3.6) 

where the notation used, \m,ms), is for the muon-electron Zeeman eigenstates and 

mi=ms=+ represents spin up and - spin down for the muon and electron. Cos(a) is a 

function that carries the dependence on the applied field and hyperfine parameters. 

For diamagnetic muonium spins precess at the Larmour frequency however, for 

paramagnetic muonium the inclusion of an unpaired electron will cause a shift in the 

TF precession frequencies. The observation of the isotropic Mp° precession is 

typically seen at fields different than those necessary for Mp^ '̂. Usually high fields 

are required to decouple the hyperfine interaction and effectively force the Zeeman 

states to be the good eigenstates. At the low field level the Mp° oscillates between 

the mixed states of the Hamiltonian at frequencies proportional to the hyperfine 

parameter and are consequentially too fast to observe. 

A similar effect is observed for anisotropic Mp° even though An and Ai are 

typically one or two orders of magnitude smaller than A .̂ The frequencies where 

these are observed may be near the Larmour frequency and are dependent on the 

orientation of the magnetic field with respect to the hyperfine symmetry axis. 

Although Mp° may be within the detectable range of the electronics, it is often highly 

damped due to the large spread of neighboring spins. In n-type GaN the only 

observed signal is Mp^̂ ", the paramagnetic fractions oscillate at a much higher 
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frequency and are unobserved in the polarization asymmetry. In general, a Fourier 

analysis of the time-dependant asymmetry taken with adequate resolution would yield 

the frequency distribution of the precession signals. An example is shown in figure 

3.2 (Kiefl et al. 1985). 

Diffusion 

The line width, a, also has temperature dependencies. At temperatures where 

the muon diffusion is slow, on the time scale of 1/a, the line width is essentially flat 

for a specified state. As the temperature increases the observed a displays a 

narrowing and the damping function decreases. The decrease occurs when the hop 

rate, v, is on the order of o. The onset of this narrowing is called motional narrowing. 

At low temperature the precessing muon begins to dephase due to the dipolar spread 

of the local field then, on the average, at time 1/v the muon moves to a new site with 

a different second moment and continues to dephase according to the new field. The 

muon continues this process of hopping between sites and precessing at the local 

fields. When the hop rate is slow the dephasing process is nearly complete before a 

transition occurs to another site. As the temperature increases so also does the hope 

rate and a change is observed in the line width. Before the muon has time to 

completely dephase it moves to another site where it then may advance or retard the 

dephasing process. As the muon hops faster and faster with increased temperature, it 

begins to only see an average field of all the sites. As all the other muons also move, 

the average fields that they see begin to converge. The dipolar spread is "averaged 

out" by the motion between sites. When temperature increases even further other 
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processes that increase the line width become involved. These processes include 

charge exchange and spin exchange, which will be discussed later. 

Zero Field and Longitudinal Field Relaxation Functions 

Diamagnetic Muonium in Zero Field 

Measurement of the evolution of polarization in the absence of applied fields 

is the second most common technique used in pSR. In a ZF measurement a muon 

with spin polarized in the z direction is implanted into the sample where it 

experiences a local magnetic field, H = {H^,H^,HJ, due entirely to the surrounding 

nuclei. H follows the dipolar approximation where the distribution is Gaussian and 

follows 

y _ i ] ^ 
f(H.) = - ^ e 2 '' (i=x,y,z) (3.7) 

.2 where A '=( / / ' ) r^ 

For diamagnetic muonium, the spin precesses about the local field where the 

observed z component is 

cr. it) = cos^ <9 + sin^ Ocosiy^Ht) 

and 0 is the polar angle between z and the local magnetic field. The ensemble 

average of the polarization in the z direction is 

P^it) = jjjfiH,)fiH^)fiH.Jc7St)dH'. (3.9) 
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Calculating leads to 

P.(t)KT=^ + | ( l - A V ) e ~ ^ ' ' \ (3.10) 

Pz(t)KT is known as the static Kubo-Toyabe function (S-KT) (Kubo et al. 1979). Each 

muon precesses about its static local field with a precession frequency directly 

proportional to the field strength. The Gaussian distribution of the dipolar fields 

result in a spread of the precession frequencies. The Kubo-Toyabe function is 

essentially a superposition of all the precession frequencies from the local sites 

following the Gaussian distribution function. The early part of the S-KT follows a 

Gaussian e ^ and then reduces to a minimum at t = ^ y. before returning to a 

value of 1/3. The 1/3 is understood to be the projection of ait) onto the z-axis. 

After long times the muon spins will be completely random and 1/3 will have a 

component that remains along the z-axis and contributes to the polarization in the z 

direction. The width. A, can reveal information about the muon site and its 

characteristics and is useful in obtaining information on the local field strength. 

Longitudinal Field 

The Longitudinal Field experiment has the same arrangement as ZF with the 

addition of an applied magnetic field along the z-axis. At low applied longitudinal 

fields the polarization can be determined if the distribution in the z direction is 

_ y^ 
Y^.'(H,-H„)-

. 2 

f ( H J = ^ J ^ e ' ^' (3.11) 
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where Ho is the applied external field. The resulting observed polarization becomes 

^A' P(t) = l - - : f 
r H ' 
' u 0 

-1 T 

1-e ^ cos(Y^H„t) 

2A' - ' •-

+ 

(3.12) 

f j ^ l ^ e = sm(Y^H,t')dt' 
H ^^o 

A plot of Pz(t) for various fields is show in Figure 3.3. A change in the recovery of 

the function is seen with an increase of applied field. The asymmetries begin to show 

the effects initially at low fields with the suppression of the S-KT decay to the 

baseline, the dip at t = ^ 3 ^ begins to lessen. The 1/3 tail at long times also starts to 

rise until the asymmetry no longer shows any relaxation at higher fields. With the 

increase of Ho the effect of the local field distribution becomes smaller and the 

distribution of precession frequencies around the applied field becomes narrower. At 

higher fields the muon decouples from the intemal field and falls into eigenstates 

dominated by the Zeeman interaction; they become locked along the field direction 

and do not dephase. The asymmetry is seen as non-relaxing; a change in the 

amplitude is not observed. 

LF is useful in characterizing the hyperfine parameter of Mp° and determining 

in which sites it resides along with displaying the temperature dependencies of 

dynamic features such as charge exchange and spin exchange. In many 

semiconductor materials the initial muonium composition may have a Mp° 

component as well as Mp"*"̂ ". When the muon captures an electron to become Mp° the 

two possible states both have the muon spin value of +V2 but the electron can enter 

with spin -¥2 or +V2. For isotropic, and anisotropic Mp° with 0=0*̂ , the | -1- -H) state 
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does not evolve, see equation 3.6, but the \ + -) state belongs to the mixed states 

I £2) and I £4) and will oscillate at the hyperfine frequency between the two, much too 

fast to be observed. Because of the hyperfine oscillations V2 of the Mp° contribution 

is not seen. For all other cases, the eigenstates are mixed states of the system and 

oscillations will occur at frequencies proportional to hyperfine interaction and 

dependent on the direction of the magnetic field, less than V2 of the Mp° contribution 

will be seen. As the fields are increased the degeneracy of the mixed states is lifted 

and the observed Mp° polarization contribution approaches unity. By creating plots 

of asymmetry versus field a characteristic repolarization field can be extracted which 

quantifies the hyperfine parameter in a given direction. For isotropic Mp°, the 

repolarization curves will be direction independent while anisotropic Mp° will show 

curves with various features, it then becomes possible to distinguish which sites are 

occupied by Mp°. 

Temperature Effects 

Diffusive motion of Muonium 

The onset of diffusion is observed with a change of asymmetry. When Mp"̂ '̂ 

hops randomly between sites it experiences different orientations of the dipolar field. 

The observed polarization is treated with a strong collision approximation; the time it 

takes to make a hop is considerably less than the time it spends at each site. The 

frequency of these hops is an average, v. The function describing the polarization is 

the Dynamic Kubo-Toyabe (D-KT) and has the form 
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P.(t)o.,r = P-AOKje-'' +vlPit'),re-'''Pit-t'),,dt\ (3.13) 

Figure 3.4 shows a representation of the D-KT line shape. The hopping motion of the 

muon occurs when the muon leaves its current site and jumps to a new site 

characterized by a different dipolar field. This motion effects the polarization and the 

result appears as a sum of static Kubo-Toyabe functions with each element beginning 

at time, t, where t=l/v corresponding to hop from one site to the next. Figure 3.5 

shows a comparison between a static KT and various dynamic KT's. 

Charge and Spin Exchange 

At high temperatures, charge exchange is often observed when the thermal 

energy is great enough to ionize a sufficient number of free carriers. Diffusion, 

charge exchange, and similarly spin exchange are observed to cause significant 

relaxation of the muon polarization. Charge exchange is the process where a 

muonium state undergoes repeated cycling out of and into its original charge state. 

Examples of charge exchange would be the cycling between Mp' and Mp°, Mp" 

^^Mp°, and also Mp° with Mp^, Mp̂ -f-̂ Mp"̂ . The loss and gain of a free electron 

subjects muonium to a fluctuating hyperfine field. When in a diamagnetic state the 

muon does not experience the hyperfine interaction until it gains or loses an electron 

and becomes paramagnetic. These fluctuations cause a relaxation of the polarization. 

The onset of charge exchange is seen to depend on dopant concentration and carrier 

type, the availability of electrons/holes will determine the specific properties of this 

process. At higher concentrations, the recapture rate is responsible for the relaxation 
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of the polarization. Mp"-e^Mp° fluctuations are most often observed in n-type 

materials when the initial state, Mp", loses an electron through ionization and then 

readily recaptures another electron. 

In LF the diamagnetic state is locked along the magnetic field and the muon 

does not precess. The Hamiltonian of the system is 

H = yjm^. (3.14) 

When muonium cycles into the Mp° the hyperfine interaction becomes important. 

The Hamiltonian is then 

/ / = - / / • 5 - H 7̂ 5 • 5 - H 7 « A # 5 . (3.15) 

If the muon is initially in a diamagnetic state and then gains/loses an electron to 

become paramagnetic, the two possible spin states are + +) and -i- - ) with an equal 

probability for each. The + +) state is a good eigenstate and does not evolve, the 

-I- - ) state is not an eigenstate but is a component of mixed states | £2) and | £4). 

When the muon resides in the | -I--) state it oscillates at the frequency 6̂ 4, where 

ZLT 1-/A 0)2^ - —I ~y . It mixes between the | -h - ) and | - -1-) states and the polarization 

contribution is lost when the mean lifetime for Mp° exceeds the oscillation period. 

Figure 3.6 shows the effect on the polarization as the ensemble experiences a 

fluctuating hyperfine field. There are two extremes, slow and fast charge exchange. 

In slow charge exchange, the time between states is long in comparison to the period 

of oscillation. On the average, the loss of polarization per exchange cycle will be the 
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amplitude of the oscillating component. In fast charge exchange, the states cycle 

rapidly and the point in the oscillation where the muon moves back into the 

diamagnetic state is less than one period. For slow charge exchange, the relaxation 

rate is independent of ionization rate but in fast exchange the relaxation rate becomes 

dependent on the amount of time spent in the mixed states. If the ionization rate is 

much faster than the period of oscillation, the polarization lost will be a minimum. 

However, if the rate is on the order of one-half of an oscillation period, the 

polarization loss will be a maximum, the cycle will occur when the muon polarization 

is pointing in the opposite direction and the spin will no longer be polarized. 

Spin exchange is qualitatively similar to charge exchange although it occurs in 

the Mp° state only. Spin exchange is when a free electron scatters off a bound 

electron and they exchange spin directions, the + +) state becomes the -I--) state or 

vice versa. The -I- -I-) state is an eigenstate and -f- - ) is not. The -I- - ) state 

participates in polarization oscillations between the mixed states until it exchanges 

spin once more. The total polarization is reduced when the muonium exchanges 

electron spin while in the mixed state involving - +) to become — ) , which does 

not contribute to the polarization in the z direction. 

Muon Level Crossing Resonance of Diamagnetic Muonium 

In this section, Muon Level Crossing Resonance (pLCR) will be discussed. 

pLCR occurs when a state mixing between two degenerate energy levels results in a 

transition within the levels. If pLCR involves the + and - muon spin states, a mixing 
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will result in the decrease of polarization, P .̂ These experiments are essentially LF 

experiments run in time integral mode where the polarization of the muon is observed 

to be unchanged for most magnetic field strengths. Quadrupolar Level Crossing 

Resonance (QLCR) is a special case of pLCR only involving diamagnetic muonium 

states. For Mp""̂ " the muon polarization is locked along the applied field and observed 

to be Pz(t)~l. At certain fields a dip in the polarization can occur. This is due to the 

level crossing resonance. Level crossing resonance (or avoided level crossing 

resonance as it is more accurately termed) occurs when Zeeman energy level splitting 

of the muon state matches energy splitting of the neighboring nuclei. For there to be 

a resonance, there must exist a small interaction between the nucleus and muon 

systems so an effective energy transfer can occur between the two. An example of 

Quadrupolar Level Crossing Resonance in GaN is shown in Figure 3.7. The observed 

polarization is close to 1 at most fields and exhibits a dip due to the resonant spin 

transfer between the muon and nucleus when the muon Zeeman energy level splitting 

match those of the nucleus Zeeman and quadrupole splitting. 

For a diamagnetic muon coupled to a neighbor nucleus, the spin Hamiltonian 

has the form 

H = H^+H^+H,+HQ. (3.16) 

The splitting in the nucleus is composed of quadupolar and nuclear Zeeman energies 

while the appropriate interaction between the muon and nucleus is due to the dipolar 

interaction. For most fields, the eigenstates, | £•), of the system are determined by the 

quadrupolar and Zeeman levels. The diagonal components of the energy matrix are 
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composed of contributions from these two interactions while the smaller dipole 

interaction contributes to the off diagonal elements. Resonance occurs at fields where 

two of the diagonal components are neariy degenerate and the off diagonal elements 

cause significant mixing between the states. Figure 3.8 shows energy levels of a 

muon and nucleus versus applied field. When the splittings between the two systems 

match there is a spin flip-flop transition, the muon and nucleus exchange spin 

orientation. The requirements on the dipolar and quadrapolar interactions dictate that 

QLCR is only observed with nuclei of spin greater than ¥2. A level crossing 

resonance corresponds to the crossing of energy levels in an energy level diagram if 

the interaction between the systems is omitted. With an interaction, the spin states of 

the system mix and there is a resonant transfer of spin polarization between the muon 

and nucleus. 

Figure 3.9 shows an example of a QLCR Breit-Rabi energy level diagram. 

The field where the avoided level crossing is observed depends upon the electric field 

gradient, V , induced by the presence of the muon. The resulting eigenstates of the 

total system depend upon orientations between the applied field and induced electric 

field gradient. For different orientations, the energy eigenvalues' dependence on field 

can vary and hence the fields where the resonances occur does also. The crossing of 

energy levels are actually avoidances, the lines avoid each other. The avoidance is 

due to the presence of the dipole interaction mixing the states and allowing the flip-

flop of the muon-nucleus spins. The energy gap between the avoided levels is 

proportional to the dipole interaction and occurs when the muon and nucleus 

transition frequencies are equal. A component of the polarization will then precesses 
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at a frequency corresponding to the energy gap and will not contribute to the observed 

polarization, resulting in the dip. The location of the dip (or peak for 1-Pz) is 

dependent upon the quadrupolar interaction and orientation while the intensity and 

width depends on the strength of the dipole interaction. The intensity and location 

thus depend upon the identity and location of neighboring nuclei. The presence of 

equivalent neighbors will contribute to the same resonance and increase the intensity 

of the peaks. Different neighbors will have different resonance peaks that do not 

effect each other making it possible to distinguish contributions from the various 

nuclei. 

For paramagnetic states, the interaction between the nucleus and muon occurs 

indirectly through the hyperfine interactions with the electrons. The spin Hamiltonian 

will be 

H = H^^+H^, + H^+H,I, + H,„ + HQ. (3.17) 

Paramagnetic LCR can give similar results to Mp"̂ "̂ although the fields where the 

resonance occurs will not be the same due to the additional interactions. The 

requirement on having the nuclear spin greater than V2 is no longer necessary, only the 

presence of a nuclear spin. The field and orientation dependence of the resonance can 

yield important information on the symmetry and strength of the contact parameter as 

well. 
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Figure 3.1 Direction Dependence of o For Diamagnetic State Subject to Dipole and 
Quadrupole Interactions. 
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Figure 3.2 TF Precession Frequencies for Various Mp. States, v"*" Corresponds to 
the Precession of the Diamagnetic State at the Larmour Frequency. Vn 
and V34 Correspond to the Oscillation of the Isotropic Mp"̂ "̂ States, 
where the Hyperfine Frequency can be Determined by V12 + V34 = A .̂ \ 
Refers to the Anisotropic Site Where the Angle Given Refers to the 
Polar Angle Between the Bond Axis Symmetry Direction and the 
Applied field (Kiefl and Estle 1991). 
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Figure 3.3 LF Relaxation Functions for Various Applied Fields. Field in Units of 
7„B 
- T ^ . Case Where B = 0 Corresponds to Static Kubo-Toyabe 

(T. Yamazaki 1979). 
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Figure 3.4 Effects of Motion Between Sites on Kubo-Toyabe Function. Dashed 
Line Envelope is the Dynamic Kubo-Toyabe (Uemura SUSSP-51). 
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Figure 3.5 Plot of Dynamic Kubo-Toyabe Function for Various Hop Rates 
(Uemura SUSSP-51). 
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Figure 3.6 Mp° <^ Mp."̂ '' Charge Exchange at Two Extremes, Fast and Slow. Flat 
Regions of Polarization Indicate Mp,"*̂ '' State (Chow et al.). 

62 

n -••iiLii-iii IL.,. 



50 100 150 

Applied Field (Gauss) 

200 

Figure 3.7 QLCR Spectra for Un-Doped GaN at Room Temperature With 
Background Subtracted. 
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Figure 3.8 Energy Level Diagrams for Muon with Spin 1/2 and nucleus with 
spin 3/2 Subject to Zeeman Interaction. Resonant Transitions Occur 
When Energy Level Splittings of Muon Match Those of the Nucleus 
(Cox). 
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Figure 3.9 Total Energy Level Diagram For Muon of Spin 1/2 and Nucleus of 
Spin 3/2. Avoided Level Crossing (LCR) Occurs at Fields Where Lines 
Avoid Crossing. Gap at Crossing is Related to Energy of Dipole-Dipole 
Interaction. 
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CHAPTER IV 

MEASUREMENTS AND ANALYSIS 

GaN Samples 

The two samples of GaN under considerations in this thesis are of hexagonal 

close packing-like wurtzite structure of nominal thickness between 100 and 200 

microns that have been grown on top of bulk sapphire. The first sample is a Hydride 

Vapor Phase Epitaxy grown film with a nominal carrier concentration in the mid 

10 /cm range, which was supplied by R. Molnar of MIT - Lincoln Labs, while the 

second sample came from R. Vauldo of ATMI and has an electron density of mid 

10 /cm . They are both highly oriented c-axis films with n-type charge carriers, the 

nominally undoped (MIT) sample's carrier concentration is accredited to intrinsic 

impurities and defects while a Silicon dopant was used to raise the carrier 

concentration of the second (ATMI) sample. Both samples have a total area no 

greater than 3cm and are a mosaic of smaller fragments. A combination of the 

intemal stress from the large mismatch between lattice constants of the GaN and the 

sapphire and the limitation of small sample thickness by the available growth 

techniques cause the samples to be brittle and resulted in breaking into the smaller 

pieces. Thicker and higher quality films have been promised but have yet to be 

delivered. 

The surface texture of the primary undoped sample is very uneven with GaN 

thickness ranging from around 100pm in smooth spots to about 200pm in rough 

areas. Included in the texture are hexagonal structured pits and hillocks contributing 
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to the unevenness. Similariy for the lO'Vcm^ sample, the average GaN thickness is 

150pm and the total surface area of about 3cm-. The roughness of the surfaces do not 

play a role in the spectroscopy as the muons should be implanted sufficiently deep to 

avoid surface interactions. 

As previously discussed, three types of muonium locations may exist in GaN, 

the BC, AB, and an open structure with more than one site of each type. The bond-

centered sites could be occupied by either Mp° or Mp"̂  charge states with the 

occupation by a Mp" energetically unfavorable. Gallium anti-bonding sites, having 

both c-axis and off c-axis orientations, could be occupied by Mp' or Mp°. In either of 

these sites, the hyperfine interaction of Mu° will be anisotropic and symmetric about 

the bond direction. A third possible site for Mp° is the open cage region of the 

wurtzite structure where the hyperfine interaction may be isotropic. In addition to a 

BC site, Mp"̂  might also occupy a Nitrogen anti-bonding location. In the following 

sections the results of various experiments will be examined in an attempt to 

determine and characterize the muonium states present in the two GaN samples 

investigated thus far. Because these samples are fairly strongly n-type, the dominant 

equilibrium state is expected to be Mp' at moderate temperatures. 
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Low Temperature Results 

Nominally Undoped GaN 

Transverse Field Measurements 

As mentioned before, the transverse field data are useful in characterizing the 

diamagnetic fraction of Mp as long as the formation occurs within a short time scale 

in relation to the Larmour frequency of spin precession. Paramagnetic components 

are not seen because of fast dephasing from the interaction with the hyperfine field, 

the timing electronics are not capable of resolving the oscillations of the one electron 

system. At low temperatures in both the lO^Vcm^ and lO^Vcm^ samples a missing 

fraction is seen (or not seen) to occur. In both instances, the observed asymmetry is 

less than that observed for Silver, which yields a full diamagnetic fraction. Both TF 

pSR spectra were obtained using the EMU spectrometer at the ISIS facility, which 

has an asymmetry of about 23% for a full diamagnetic fraction. 

The sample obtained from MIT shows an initial diamagnetic fraction of about 

6.5/23 below 50K with an increase to about 7.5/23 around 250K (Figure 4.1). The fits 

of the corrected asynrmietry were performed with a single Gaussian function when the 

damping envelope of the precession signal was analyzed. The initial widths observed 

from these fits were scattered and inconsistent, a trend could not be extracted from 

the width parameter so an average value of the initial widths was calculated and the 

data set was refit using the average width value of .040MHz for all temperatures. The 

rise in the corresponding asymmetry indicates an increase in the contributing 
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diamagnetic fraction with increasing temperature. The typical explanation for this 

behavior is a transition out of a paramagnetic into a diamagnetic state as the 

temperature increases. As temperature increases so does the donor ionization rate and 

the carrier density, resulting in an increase in the Mp""'" fraction and a change in the 

asymmetry. 

After implantation, the positive muon may stay in the Mp"̂  state or possibly 

bind an electron into its Is orbital forming Mp°; however, no experimental 

information on the sites for these two charge states yet exists. If the initial interstitial 

location of the neutral is in the center of a bond, the probability of a transition into 

Mp" is very small. Theoretical calculations predict the predominant charge state to be 

Mp' in n-type materials (Johnson et al. 1996). For Mp' to appear in the asymmetry a 

state change must occur. It is possible that the initial Mp° state participates in a two-

step process in the formation of Mp". This process would include a transition into the 

ABca site in the first step, which would provide an increase in the e" capture 

probability and then a second step where the muon quickly captures an electron to 

become diamagnetic Mp' (Lichti 1998). A second process is also possible where the 

initial Mp° state is already in an ABca site. The rate at which these transitions occur 

determines if the Mp' diamagnetic state will form within a short enough time frame 

for the precessions to contribute to the TF-pSR signal. Anything longer than a small 

fraction of the precursor state's oscillation period will resuU in the spin being out of 

phase. 
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Zero Field Measurements 

The zero-field relaxation results on this sample showed several components, 

which were fit with three signals, a static Kubo-Toyabe, a Gaussian, and an 

exponential. The Gaussian component of the ZF measurements displays an increase 

in asymmetry with temperature (Figure 4.2), the preliminary fitted widths of the 

Gaussian were inconsistent and scattered across a wide range of values. No trend was 

seen so an average value was calculated and used as a fixed parameter in a refit of the 

data. Initially the Kubo-Toyabe signal was fit as a dynamic function but proved to 

give small and very scattered hop rates, more or less consistent with zero. By 

removing the hop parameter and fixing the Gaussian width a clearer variation of 

asymmetries is obtained. The line width of the Gaussian function was set to 

0.035MHz between temperatures of 50 and 240K. The static Kubo-Toyabe 

asymmetry, less than 2%, is relatively small making it difficuU to resolve. The Kubo-

Toyabe asymmetries show an unevenness which may be the result of dynamical 

processes occurring which are accentuated by a fixing of the Gaussian line width. 

The relaxation rate belonging to the ZF Gaussian signal is quite small 

indicating a very slow relaxation. A Gaussian was chosen for the simplicity of the fit, 

however a static Kubo-Toyabe can also be used and will give essentially the same 

results due to the slow relaxation rate. The signal is most likely a composite of a 

slowly relaxing Gaussian and a non-relaxing background from muons missing the 

sample. The contribution of the Gaussian signal has yet to be assigned to any 

particular state. 
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Level Crossing Resonance Spectra 

The undoped sample gives a QLCR spectrum that provides information 

beneficial in deciphering the site locations of the muon. The longitudinal field was 

scanned up to 230G at room temperature (Figure 3.7). Multiple sweeps were taken in 

steps of about 1.5G, averaging the bins at each field to create the final high-resolution 

spectrum. At very low fields, degeneracy results in a relaxation of the muon spin 

polarization through the mixing of the various energy levels. The non-resonant 

relaxation in near zero fields is due to the spread of the local dipolar fields being 

sufficient to satisfy the energy matching conditions, the resulting raw asymmetry has 

a region of lower polarization from the mixing of the states. This zero-field 

background has been removed from the data for an accurate view of the QLCR dips 

(or peaks for 1-Pz). At higher fields interactions between nuclear quadrupolar 

splittings and muon Zeeman levels give the spectrum of interest. The main features 

of this particular QLCR spectrum include two large seemingly asymmetric peaks 

centered on values of lOOG and 160G. Upon further examination, it becomes clear 

that the spectra is in fact composed of at least 6 separate Lorentzian resonant peaks. 

Included in these six are the two large peaks at lOOG and 160G with four additional 

satellite peaks in groups of two found next to and within the major peaks. Initially, 

the origin of these peaks was unknown; the sites to which they are attributed had yet 

to be determined. With knowledge of previous work on GaAs, which also has a III-V 

tetrahedral structure, it was expected that the GaN peaks would be similar. The fact 

that there are two main groups of peaks arises from the existence of the two isotopes 

of the Gallium atom, ^^Ga and ^^Ga. Each isotope has a different quadrupole moment 
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and therefore the location of the resonances associated with each is expected to be 

different. The Zeeman splitting of the muon must match the quadrupolar and nuclear 

Zeeman energy levels so when the field is applied the conditions for matched levels 

are achieved and the mixing occurs via the dipole interaction yielding a decrease in 

the polarization. The ratios of the locations of the peaks agree quite well with the 

ratio of the known quadrupole moments. For the two main peaks, the ratio of 

resonances r69/r7i=1.537 while the ratio of quadrupole moments ^^Q/^'Q= 1.589. The 

two sets of satellite peaks are due to the orientation dependence of the level crossing 

degeneracy. With the electric field gradient symmetry axis (Mp-Ga direction) 

aligned with the applied field (0=0) a simple level crossing results from FJ'' transition 

between the muon and nucleus. For other geometries where 6^0 an admixture of 

states results and additional avoided level crossings are created with subsequent peaks 

appearing. Each set of satellite peaks most likely arises from the location of the Mp" 

in the off c-axis ABca location. The direction of these sites is approximately 70° with 

the c-axis and the applied magnetic field. Initially, it was unclear if the satellite peaks 

were due to off c-axis locations or possibly to an additional interaction with Ga 2^^ 

nearest neighbors for a single on-axis site, but the temperature dependence strongly 

supports a 2"^ site, as do the intensities for the 290K spectrum. 

The intensities of the observed peaks are quite large indicting a muon is 

closely bound to the Ga atom. As the muon moves closer to the nucleus the dipole 

interaction becomes stronger, the mixing between the muon and nucleus, becomes 

greater so that more flip-flop transitions occur and the peak height increases. When 

assuming similar dipolar interactions between the c-axis and off c-axis AB sites one 
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would expect a much smaller height for the satellite peaks for equal occupations. If 

this assumption is correct and looking at the spectra, it appears the occupation of the 

sites would be inequivalent favoring that of the less confined off c-axis location. If 

one site has a higher occupation than the other, a greater loss of polarization is seen 

from that component. However, with the knowledge that the c-axis site is more 

confined we predict the dipolar interaction may be greater here. If the muon resides 

closer to the Gallium than at the 70° site, there should be a higher relative peak 

intensity. In this QLCR spectra, the ratio of the satellite peak intensities to those of 

the central peaks implies that an occupation of the 70° site is favored to that of the c-

axis site. Assuming the same mixing parameters, the occupation ratio of 70°:0° is 2:1 

when comparing relative intensities. 

Si-doped GaN 

Transverse Field Measurements 

The TF asymmetry of the doped sample shows different behavior than the 

undoped sample. At very low temperatures a stronger exponential component is seen 

in the damping function, namely below 50K. Typically, TF damping follows a 

Gaussian envelope but can become exponential with high mobility or a fast state/site 

transition. The low temperature data for the 10̂  Vcm"̂  n-type sample was taken at ISIS 

and fit with a single relaxing function over most of the range with an additional 

exponential at very low temperatures. At these temperatures, it is possible there 

exists a Mp^ state. If two distinct diamagnetic states exist the line width would differ 

at the separate site locations; to evaluate this an attempt was made to fit the function 

73 



with an additional Gaussian signal but proved to be unsuccessful. The inability to 

successfully apply two Gaussian functions is most likely due to the difficulty for the 

fitting routines to separate two individual but very similar signals. After a successful 

fit to a single Gaussian, the asymmetry was found to have an initial fraction of about 

13/23 at 50K and then exhibiting a decrease to about 12.5/23 after 125K. The 

Gaussian amplitude is smaller, on the order of about 11/23, when an exponential is 

included below 50K. Above 50K, there does not seem to be any visual indication of a 

contributing exponential component, consequentiy the corresponding asymmetry and 

width were then fixed to zero. Unlike the undoped sample the fitted widths of the 

Gaussian were relatively consistent (Figure 4.3). An average value of .065MHz was 

observed with the onset of a dip seen at 150K and a return to .065MHz at 21 OK, this 

behavior resembles motional narrowing by the diamagnetic Mp^. Similar data exists 

for GaAs showing motion of a Mp^ state in a narrow temperature range near 200K. 

The similarity between the III-V zincblende and wurtzite structures could support this 

dynamic process interpretation. The motion suggests a movement from similar sites 

or possibly a transition into a more stable site or one with a subsequent charge state 

transition. 

Zero Field Measurements 

The 10* /̂cm^ film exhibits significant site information between 18K and 

300K. The ZF data was fit using a three-signal composite of a static Kubo-Toyabe, 

Gaussian, and an exponential. The exponential was used primarily in fitting the data 

points below 50K; through these temperatures a large exponential component is again 
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observed but then disappears beyond the first few points. In conjunction with the TF 

exponential signal at the same temperatures, this is a strong indication of a fast 

relaxing diamagnetic component, possibly caused by a transition out of this state. 

The results for the static Kubo-Toyabe width and Gaussian line w idth are similar to 

I f \ "X 

the 10 /cm case. Between 40K and 200K, the Kubo-Toyabe widths are scattered 

while after 200K the fits become more consistent and start to show a distinct 

increasing trend which levels off by 300K. The same approach was taken as before. 

An average value was calculated for the temperatures below 200K and the width was 

fixed to that value (Figure 4.4). The Gaussian width failed to show similar behavior 

to the one of the undoped sample, having very small values with scatter and no 

definite feature. Again it is likely this signal consists of a static background and a 

very slow relaxing component from the GaN film. 

Most of the information in this data set is revealed upon the examination of 

the asymmetries. Both the Gaussian and static Kubo-Toyabe have relatively flat 

asymmetries up to 150K where the Kubo-Toyabe shows an increase that continues 

until 225K and levels off again (Figure 4.5). The Gaussian asymmetry shows the 

opposite behavior, it begins a decrease that continues until 225K where the 

asymmetry levels off. The change of asymmetry for both signals is similar with 

respect to the turn on and off temperatures. In general, the functions used to fit the 

activation energies of the asymmetries follow the form 

y = y ± - ^ ^ (4.1) 
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where t = y^ , x = T and + for increasing asymmetry step and - for decreasing 

step. An example of this fit is shown in Figure 4.6 for the Kubo-Toyabe asymmetry. 

Fits for the asymmetry transitions yield an activation energy of 0.42±0.24eV for the 

Kubo-Toyabe increase and 0.39±0.24eV for the Gaussian decrease. This is a solid 

indication of a transition occurring with an activation energy of about 0.4eV in which 

the muon states with Gaussian signature are transformed into a state contributing to 

the Kubo-Toyabe. 

Data sets containing thermally activated features of the relaxation rates, which 

appear later in this chapter, were fit using the form of a simple activated process: 

y = y,+ Ae-'" (4.2) 

for increasing trends, and 

y = y, - Ae-""' (4.3) 

for decreasing trends, where x = l̂ ^^Qc,, t = VC , and Ea is the activation energy. 

The use of these functions only provides a preliminary measure of the energies and is 

an oversimplification of the processes involved. Data sets fit with the sigmoidal form 

can also be fit with the simple exponential. In a few cases where this was performed 

the errors in the fits using the sigmoidal where much larger. This is due to the extra 

second level parameter and its associated very large uncertainty (not seen in the data). 

For example, the activation energy for a high temperature ZF asymmetry step in 

undoped GaN is 0.747±.009eV when fit with an exponential and 0.75±0.24eV with 

the sigmoidal. 
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According to theoretical predictions, occupancy of the off c-axis AB site is 

expected to be the stable configuration at lower temperatures while the confined c-

axis site is expected to be a higher energy metastable site. As the temperature 

increases, Mp^ can capture an electron to become paramagnetic Mp° without leaving 

its existing site. A second transition may then occur where the Mp° moves out of the 

AB/BC site and into the ABca site. The relocation into this site makes it more 

probable for Mp° to a capture a second electron, becoming Mp". A combined 

transition is also possible where the process of moving out of the ABN and into the 

ABca is simultaneously accompanied by Mp°—>Mp', Mp° captures an electron while 

it is in transition between the two sites. The charge capture into Mp" shows up as an 

increase in one component of the ZF asymmetry while and a decrease may be seen in 

another component (Mu"̂ ), this is supported by the KT and Gaussian ZF signals. 

When viewed in conjunction with the corresponding QLCR spectra, a model begins 

to appear. 

Level Crossing Resonance Spectra 

The doped sample's QLCR spectrum is basically the same as for the undoped 

QLCR data taken at room temperature (Figure 4.7). Not unlike the 10*̂ /cm^ data, the 

10* /̂cm^ results show the existence of the three peaks corresponding to each Gallium 

isotope. The QLCR spectra indicates Mp" occupies the off c-axis site giving rise to a 

double peak resonance structure centered about lOOG and 160G at all temperatures. 

Again, here the ratios of quadrupolar moments closely matches that of the central 
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peak locations, 1.588, supporting the proposal that the resonances are due to Mp" 

back bonded to the Ga atoms. The ratios of the areas of the main peaks are also 

roughly in agreement with the undoped data indicating an off axis direction of the 

Mp-Ga bond is preferred. In addition to a room temperature scan, spectra were 

collected at temperatures of 15K, 50K, lOOK, 150K, and 200K. 

Beginning at the lowest temperature, 15K, the first difference is the absence of 

the main central peaks at lOOG and 160G that were seen in the room temp scans of 

both samples, in addition multiple peaks are present between 50G and 150G. As 

temperature increases to 50K, a new energy mixing appears. The location of this 

peak seems to be similar to the room temperature Ga central line but is actually 

slightly shifted to a lower field and has a large intensity. There is no matching feature 

for Ga, so this line cannot be assigned to Gallium. At lOOK, the intensities of the 

signal continues to grow but is now accompanied by additional high field spectra near 

220G. By 150K, the additional high field spectra are gone and a large decrease in the 

single peak amplitude occurs (Figure 4.8). Examining these spectra in sequence 

along with information given in TF and ZF data allows a rough model of the 

muonium behavior to be extracted. 

According to most theoretical predictions the off c-axis 70° site is a location 

of stability for Mp". If a diamagnetic Mp were to occupy this site, it is expected that 

the corresponding QLCR spectrum would show satellite peaks reflecting the 

misalignment of the applied magnetic field with the electric field gradient. Through 

the range of lower temperatures two main groups of resonances are seen, each having 

the two small satellites oriented about lOOG and 160G. This is in agreement with 
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theory, which suggests the stable sites of the 70° bond orientations are expected to be 

present at lower temperatures. There are two possible ABca sites, c-axis and off c-

axis with the orientation dependence of the resonances resulting in a single peak for 

the c-axis site. The theoretical expectation for the 0° location is that the site is 

metastable. Indeed if this is the case the main central peaks appearing by 200K and 

assigned to the c-axis site indicate a transition into that state, below 200K the site is 

not occupied by Mp" and hence no observed spectra. The initial assumption is that 

the tightly confined on-axis cage region could be occupied by Mp^ or Mp° charge 

states which undergo delayed transitions to form Mp", which is in agreement with the 

ZF data showing an increase of the static Kubo-Toyabe component beyond 200K. At 

150K, the transition has yet to begin and the population of the c-axis AB location is 

negligible, by 200K the increase in asymmetry is nearly complete with the full 

contribution seen. Initially the main Mp" component is the off c-axis 70° ABca 

location with the width reflecting the dipolar fields of this site. The 150K QLCR 

spectra does not indicate any peaks resembling the pair associated with c-axis anti-

bonding ^̂ Ga and ^̂ Ga but by 200K the peaks are quite large, also the low field 

resonances seen from 15K to 150K disappear at higher temperatures. The initial 

interpretation is that the site and state associated with some of these signals is the 

precursor to the c-axis site appearing after 150K. A transition occurs where the 

precursor site moves into the ABca c-axis site between 150K and 200K. The growth 

of the ZF Kubo-Toyabe asynmietry is from the increase in population of Mp" in the c-

axis AB site while the Gaussian asymmetry decrease corresponds to the loss of Mp^ 
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population. The Mp^ site becomes Mp° and moves out of its location and may begin 

occupation of the ABca site while also gaining a second electron to become Mp". 

After the Mp^ captures two electrons to become Mp" the observed width changes, the 

static Kubo-Toyabe width is seen as an "average" of the two diamagnetic Mp" sites. 

When the population of one component increases, the weight of that component on 

the raw signal does also, hence a change occurs in the average width value. Possible 

motion of the Mp"" is also suggested by the TF width, as motion begins two types of 

hopping may occur, one that involves Mp"" transforming into Mp" and the other where 

Mp"̂  simply moves between equivalent sites. Motional narrowing of the TF line 

width is seen to begin at the same temperature (dip in Figure 4.3) as the ZF 

asymmetry increase. 

As for the additional high and low field resonances, only an "informed" 

speculation can be made based on calculation results. At these low temperatures the 

existence of a Mp"̂  charge state has a higher likelihood of forming and several 
* 

different possible sites may contribute to the QLCR spectrum. If indeed there is a 

positive charge state, the most likely site locations include the ABN and BC locations 

near Nitrogen. Nitrogen has a spin of 1 and can contribute to QLCR spectra. The 

quadrupolar interaction between the muon and nucleus will be different from the 

Gallium counterparts and would be observed at different fields, the low field spectra 

seen in the QLCR data is consistent with Mp^ states located near Nitrogen. With the 

onset of a transition the Mp^ moves from the Nitrogen related site possibly gaining an 

electron before hand to become Mp°. The Mp° charge states can then occupy an 
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ABca location. In this location electron capture is allowed for Mp° to gain another 

electron forming Mp". The strong central lOOG and 160G peaks appear with the 

onset of diamagnetic population in this site. It seems that at least the immediate 

precursor state must already be inside the tight cage region containing the on-axis 

ABoa site. 

Longitudinal Field Measurements 

hi conjunction with the ZF data, we also have LF scans taken at 285K (figure 

4.9). This curve is a plot of asymmetry vs. applied field with the increase in 

asymmetry showing the transition from Mp° energy eigenstates dominated by 

hyperfine fields to those controlled by the applied magnetic field. The rough curve 

has a characteristic field between 1.2kG and 1.7kG indicating the recovery of a Mp° 

state similar to a site confined to the cage region with a hyperfine parameter between 

3400 and 4800MHz. The possibility of a small BC/AB Mp° site still exists but is not 

obvious in these course scans because the lack of detail at the lower fields 

inadequately maps the asymmetries in the appropriate regions characteristic of these 

sites. The low field region is typically where the recovery of the BC asymmetries are 

seen. The BC hyperfine interaction is weaker with the transition between hyperfine 

and Zeeman eigenstates usually showing an increase of asymmetry near lOOG. 
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High Temperature Results 

Nominally undoped GaN 

Transverse Field Measurements 

High temperature data was collected for both samples up to and beyond 900K. 

Of the two, the 10 Icvcf sample is the one more simple to fit. Temperature scans of 

the Mir sample were taken in the range of 300K to lOOOK at the Triumf facility. The 

TF data initially indicates a high diamagnetic fraction; virtually no paramagnetic 

component is seen in the 300K range (Figure 4.10). This is interesting considering 

the low temperature TF data shows an approximate diamagnetic fraction of 1/3 up to 

250K with the information for temperatures up to 300K unavailable. There are 

various reasons why such a considerable difference may exist between the data sets 

including the possibility of a large dynamic state/site change occurring between 250 

and 300K. However, the most likely source is from a large fraction of muons missing 

the sample and being implanted in the oven of the spectrometer. After 300K a 

decrease in the large signal asymmetry is seen until 750K where it levels off for the 

remaining scans indicating a transition out of this state and into another not 

contributing to the precession signal. One such state is Mp° where the TF frequency 

is too fast to be observed. If this state exists the timing resolution of the 

instrumentation is too poor for it to be seen, lending to the conclusion that the change 

in asymmetry is due to a transition into a Mp° state and not a Mp"̂ "̂ site. 

The width of the two Gaussian signals shows two dynamical processes 

occurring in the sample. The larger amplitude signal exhibits a flat width from 300K 

to about 600K and then narrows to smaller values in a roughly linear trend (Figure 
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4.11). When Mp" begins to hop from site to site it experiences a slightly different 

dipolar field width at each site. As this continues the effective "changing" dipolar 

width becomes averaged and the dephasing seen by the spectrometer is reduced, the 

damping parameter narrows. This motional analysis is supported by the 

complementary ZF measurements exhibiting hopping beginning at 600K. In addition, 

there is also evidence for a charge exchange cycle occurring as indicated in the width 

of the smaller amplitude second signal (Figure 4.12). When temperatures are 

sufficientiy high to ionize the Mp" and create a sufficient number of charge carriers, 

above 450K based on Figure 4.12, a charge exchange begins with the Mp° state. An 

activation energy fit for the onset of this feature yields 0.28±0.05eV, which is lower 

than expected, most likely due to the exclusion of the e' capture rate and 

oversimplification of the fit process. Typically, when fitting the onset region of the 

charge exchange curves, the energy extracted corresponds to the limiting step of the 

process, the slowest component involved. When in a rapid charge cycle the 

polarization loss is very fast and the asymmetry of the involved component is no 

longer seen in the spectra, this is manifested as an apparent increased damping of the 

TF signal. An increase in the charge cycle rate will cause a further broadening of the 

observed TF width, which peaks when the cycle rate matches the hyperfine 

frequency. The decrease of line width beyond 750K may indicate a secondary 

process becoming dominant, which is currently undefined for this region. 
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Zero Field Measurements 

In evaluating the ZF information above room temperature a dynamic Kubo-

Toyabe function was used. The Kubo-Toyabe width parameter was fit for 

temperatures below 600K where there was no evidence of motion and was then fixed 

to an average value. Before the onset of motion the fitted hop rate is expected to be 

zero while the width should be constant. It is possible to extract the barrier energy of 

thermal motion from the dynamic Kubo-Toyabe hop rate (Figure 4.13) above 600K 

and for the undoped sample the extrapolated energy is 0.98±.03eV. In this region the 

Kubo-Toyabe amplitude begins to increase and has an activation energy of 

0.75±0.24eV while the Gaussian amplitude shows a corresponding decrease (Figure 

4.14) with similar features and Ea = 0.56±0.15eV. This behavior is very similar to 

that observed in 10 /cm GaN between 150K and 200K where transition occurs in 

which the population in a Mp"̂ " state increases through the decrease of another. The 

transition out of one state and into another is strongly supported by the symmetry 

between the two amplitudes. This includes the same temperature onset for the 

Gaussian decrease and D-KT increase along with the magnitude of change in the 

asymmetry intensity followed by the characteristic feature of asymmetry rollover 

above 850K. 

The third (exponential) signal contains some interesting information as well. 

Although having a small asymmetry, it gives insight into a possible Mp° transition 

and charge exchange (Figure 4.15). The exponential relaxation rate shows an 

asymmetric peak centered about 550K indicating two different processes occur. The 
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low temperature side exhibits an exponential increase in the relaxation rate indicating 

a site transition out of Mp° and when fit yields an activation energy of 0.38±0.05eV. 

This is consistent with TF data, which will not have a paramagnetic contribution. If a 

Mp state were involved a TF feature would be evident however, a complementary 

signature in this region is not seen suggesting a Mp° state as the source of the 

exponential ZF signal. 

The high temperature slope of the peak shows a different process. Reflecting 

back to the TF data, it was observed that a small fraction of the Mp" state participates 

in charge exchange at temperatures above 550K, the second half of the exponential 

relaxation width and LF data confirm this. As the charge cycle begins the 

exponential relaxation rate begins to increase with temperature, as both the ionization 

and retrapping rates for Mp'-(->Mp° increase. As covered in the previous chapter, the 

average polarization lost is equivalent to the amplitude of the oscillating Mp° signal. 

In Zero Field half of the Mp° state will oscillate at the hyperfine frequency and half 

will remain "locked" along the z-direction (ignoring lesser interactions). It is those 

states that oscillate at the hyperfine frequency that cause the loss of polarization 

through charge exchange. At higher temperatures when the charge cycle rate is on 

the order of the hyperfine oscillation frequency the polarization loss will be greatest. 

As temperatures increase even further, the amount of polarization lost to the 

randomized hyperfine oscillations decreases, the muonium does not spend an 

appreciable amount of time in the paramagnetic state and the spin-lattice relaxation 

rate decreases. 
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In addition, the TF asymmetry shows a missing fraction after 300K that 

increases in size through the same temperatures where the ZF exponential component 

shows a transition out of a Mp° state. When viewed together the existence of two 

separate Mp° states becomes likely, a transition into one is accompanied by a 

transition out of the other. The Mp° state responsible for the ZF signal participates in 

a transition out of that state and causes an exponential relaxation while the Mp" state 

in the TF amplitude is involved in a transition into Mp° responsible for the missing 

fraction. 

Longitudinal Field Measurements 

In addition to the lower temperature features LF relaxation and asymmetry 

show a transition into a faster relaxing component above 750K as does the TF 

relaxation, which strongly supports the charge exchange process. The first signal 

(Figure 4.16 and 4.17) shows an exponentially increasing relaxation rate with an 

activation energy of 1.2±.2eV and a decreasing asymmetry that is similar to the 

decreasing Gaussian of the ZF data. These three features are indicative of a state 

transition. The TF signal does not show a strong correlation to this transition 

indicating the involvement of a Mp°; one-half of the paramagnetic state will show up 

in LF and ZF measurements with none appearing in TF. The second exponential 

asymmetry increases from below 1% to around 4.5% beginning just before 600K 

(Figure 4.18) and shows an activation energy of 0.78±0.08eV. The relaxation rate for 

this second signal has a peak shape similar to the exponential ZF signal indicating 
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they are both from the same process. The high temperature side of the peak exhibits a 

decrease in relaxation rate, corresponding to the suspected rapid charge exchange 

rates at these temperatures. With the applied field of 2kG for the LF, the onset of 

charge exchange will appear shifted to higher temperatures. The approximate center 

of the increasing rates is located over 50° higher in temperature than the ZF scans. 

Si-doped GaN 

Zero Field Measurements 

Through out the initial ZF analysis of the Si-doped film the asymmetries and 

widths of fitted functions proved to be complicated. The data was analyzed using a 

two-signal fit. Large scattering of asymmetries and widths at higher temperatures 

made it necessary to fix some variables, however below 600K the values are 

consistent and fixing was unnecessary. The dynamic Kubo-Toyabe asymmetry 

showed a roughly decreasing trend and corresponding increase in hop rate and was 

smoothed to a best-fit curve while the static width parameter was fixed to an average 

value. Typically, the width is allowed to fit for scans below the onset of motion and 

is then fixed to those values at the higher temperatures in order to get good hop rates. 

The same procedure was followed here where the onset of motion in this data set 

occurs above 600K. The onset was difficult to determine, the fitting routine had 

trouble in setfling on both width and hop rate values at the early stages of motion, hi 

addition, the Gaussian asymmetry also was scattered and so was fixed to an average 

value to help clean up the dynamic Kubo-Toyabe analysis. The measure of error, chi", 

and the fit quality indicators were much larger than usual, the large variation in the 
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asymmetry and width could occur with little or no indication of fit improvement. 

There are many dynamic interactions occurring here and attempts to separate them 

have not been successful. However, one parameter that yielded consistent 

information regardless of the asymmetry and Gaussian width treatment was the hop 

rate whose final fit results give a barrier energy of 1.04±.07eV in agreement with the 

'activation energy for motion of Mp' obtained in the first sample. The barrier energy 

is expected to be the same regardless of doping concentrations, although in the limit 

of higher concentrations an effect due to strain may be expected from the defect 

content of the material. 
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Figure 4.18 Exponential Asymmetry of LF Relaxation Function for an Applied Field 
of 2kG in Undoped GaN Showing Activation Energy of 0.84 ± 0.07eV. 
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CHAPTER V 

SUMMARY AND REMARKS 

In this thesis, measurements of muon decay in Gallium Nitride provide 

information about muonium charge states, sites, and dynamics. Studies of asymmetry 

and relaxation rate temperature dependencies yielded insight on the behavior of this 

pseudo-hydrogen isotope. With the information collected we now know there exists 

two distinct Mp" sites in GaN, at the c-axis and off c-axis ABoa, where the c-axis site 

is more constricted and has a higher energy state than the off axis location. At room 

temperature the QLCR spectra agree well with theoretical expectations. Two sets of 

peaks exist at lOOG and 160G corresponding to the ^'Ga and ^̂ Ga isotopes as 

identified from the ratio of their quadrupole moments. At low temperatures, the off-

axis site is occupied and contributions to the QLCR spectra are seen as two sets of 

satellite peaks located near lOOG and 160G. With increased temperatures, these 

peaks remain while additional features begin to appear. Between 150K and 200K, a 

transition occurs which results in the population of the Mp' ABca 0° site. The central 

QLCR resonance peaks are seen to appear between these temperatures along with a 

prominent exchange between asymmetry contributions of the ZF Gaussian and Kubo-

Toyabe functions. These temperature dependent features strongly suggest the second 

Mp' site is occupied following the transition from an unobserved precursor state. In 

addition to the appearance of transitions between 150K and 200K, there are also 

transitions above 600K. Again, an exchange occurs between the ZF Gaussian and 

Kubo-Toyabe asymmetry functions indicating a high temperature transition into the 
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Mp' state. The temperature dependence of these depolarization functions indicates a 

thermally activated hopping motion present for Mp" in both samples with data 

consistentiy fitting to a barrier energy near l.OeV. Additional polarization 

dependencies indicate the presence of other Mp sites with various transitions 

occurring among them. 

Studies of the ZF and TF signals along with QLCR resonances indicate 

multiple transitions. Possible states involved include diamagnetic Mp^ in any of 

several AB or BC Nitrogen related sites, Mp° in ABca as well as the BC, and Mp' in 

c-axis and off c-axis oriented ABca- The transition at low temperatures is clearly 

indicated in the Si-doped sample, and may include the Mp'*"-^Mp° step either 

accompanied or followed by site a change to ABca allowing for a fmal Mp°^Mp' 

electron capture. The exact nature of the Nitrogen related Mp"*̂  site has yet to be 

determined and many of the possible dynamic processes are not yet assigned. 

No direct information has yet been obtained on the Mp° sites, except that an 

atomic-like Mp° state is present, implying a location in the open region of the 

wurtzite structure. Preliminary assignments have been suggested for several dynamic 

features and initial determinations of the energy parameters obtained. These need 

additional investigation and modeling to confirm the assignments and obtain better 

estimates of the dynamics. 

The execution of similar measurements on samples with doping 

concentrations that are both higher and lower than our current specimens would help 

alleviate the uncertainly in deciding which states and processes are present. Lower 
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donor doping concentrations would create a sample with higher expected Mp^ and 

Mp° fractions. Likewise, a higher concentration would alter the behavior of 

diamagnetic Mp". For example, the observed loss of diamagnetic fraction above 

400K in the Si-doped sample would be expected to change with a greater electron 

availability. 

Additional samples that are hexagonal close packing-like but are grown in an 

orientation other than the c-axis direction may confirm the c-axis and off c-axis 

assignments and occupation probabihties. Whh different orientations the QLCR 

resonance peak structures will yield information on the direction dependencies of the 

energy mixings. The TF second moment is direction dependent as well, the variation 

of the width with applied field for several orientations would be valuable in 

determining a more precise model of these sites. 

The lack of low temperature QLCR spectra for the nominally undoped sample 

begs for an exploration at these temperatures. The Si-doped spectra has been 

instrumental in formulating a model of the transitions and site locations in that 

particular film, similar results would be expected upon completion of these studies 

with the 10 /cm sample. 

An even more ambitious plan would be to obtain zincblende structured GaN 

and repeat the measurements in hopes of developing a full understanding. Many of 

the results would naturally be expected to be different. The sites them selves are not 

the same, the interstitial structures are significantly different. With zincblende 

material results would be much more directly comparable to the large body of 
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information collected on muonium in other III-V semiconductors. By comparing 

such variations more knowledge can be obtained. 
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