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ABSTRACT 

Muon behavior in a selected series of transition-metal 

oxides has been investigated by the Muon Spin Rotation (fiSR) 

technique. The materials studied are the corundum structured 

oxides (M2O3: M=Fe, Cr, V, Ti) and the high-Tc superconduct

ing oxides in Y-Ba-Cu-0 system. The muon is first implanted 

into the oxide crystalline and its subsequent behavior in the 

presence of magnetic field is monitored through counting the 

positron emitted by the decayed muon. The muon is found to 

behave like a free muon and to become localized at low tem

peratures and diffusional at higher temperatures. The loca

tion of the muon is important for interpreting the |J.SR data. 

To identify muon sites, a combination of electrostatic poten

tial and magnetic dipolar field calculation is used. Dipole-

field calculation allows matching the experimental results to 

the calculated values if the origin of the magnetic field is 

dominantly dipolar as in the case V2O3 and Cr203. In the 

potential model, in addition to the coulombic interaction, 

the muon is assumed to form a muon-oxygen bond in analogy to 

the hydroxyl bond (0H)~. Morse potential is used to simulate 

the |l'''-0̂  bonding. The potential minima found are then 

assigned as muon sites. A set of muon sites thus found in 

these oxides and their implications are presented. The 

inadequacies of the classical model and a more realistic 

model for predicting muon sites are also discussed. 
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CHAPTER I 

INTRODUCTION 

Positive Muon-Spin-Rotation, (|l'''SR) is a relatively new 

technique in comparison with other local, atomic scale, 

magnetic probe methods such as NMR (Nuclear Magnetic Reson

ance) , ESR (Electron Spin Resonance), NS (Neutron Scatter

ing) , and PAC (Perturbed Angular Correlation). The idea of 

using a muon as a magnetic probe for condensed matter was 

first conceived by Gerwin, Lederman and Weinrich[l] in 

relation to their 1957 experiment that demonstrated parity 

violation in muon decay. Not until the 1970's did the |J,SR 

technique begin to gain momentum. Today |ISR is applied 

extensively to various disciplines like chemistry, condensed 

matter physics, and biology. 

A muon is an elementary particle whose characteristics 

are listed in Table 1.1. Positive muon beams used in |ISR 

experiments are generally produced by an accelerator which 

smashes protons into a solid target, producing pions (71 ) 

which then decay into muons. When a \i beam is produced form 

a decayed pion beam, it is spin-polarized either parallel or 

antiparallel to the flight direction of the pion. 

The polarized p,'*' beam is then implanted into the 

condensed matter sample to be investigated by pSR. Once 



Table 1.1 Properties of a Muon Relevant to )ISR, 

Mass, m^ 10 6 MeV 

207 me 

0.113 mp 

1_ 
2 

Spin, I^ 

Lifetime 2.197 |j.s 

Magnetic moment, |Ll|j, 4.49 x 10"^^ — 

r. ^ ' ^ • y^^ MHz 
Gyromagnetic ratio, -— 13.5537 rrr— 

implanted, the muon loses its kinetic energy through colli

sions with host atoms and very quickly becomes thermalized. 

During this process, the polarization of the spin is pre

served. The thermalized muon can appear in various final 

states: it may become localized, it may continue to be mobile 

as a diffusive interstitial particle, or it may form an atom 

by capturing an electron to form muonium, Mu. When localized 

as either a bare muon or as a muonium atom, this short-lived 

elementary particle may interact chemically with host atoms, 

creating molecules or ionic complexes very similar to those 

formed by hydrogen. A muon can thus be thought of as a light 

isotope of hydrogen. 

Because of its spin-polarization, a muon is very sensi

tive to, and hence an excellent probe to monitor, the local 
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static and dynamic magnetic environment of the host material. 

Preferential positron emission parallel to the muon's polar

ization allows information on the local magnetic environment 

to be studied by counting the positrons emitted along various 

directions by decaying muons. The technique of positron 

counting is the heart of the |ISR technique and the experi

mental details of a typical p-SR spectrometer are found in-

numerous references [2] and are also summarized in Appendix E 

of this dissertation. 

In the early days of |ISR a muon was expected to capture 

an electron to form muonium in condensed matter. As it 

turned out, however, the muon has never been found to form 

muonium in metal, nor is muonium found in most ionic insula

tors. Muonium formation appears to be restricted to semicon

ductors and a few, primarily covalent, insulators. Some 

ionic compounds such as KC1[3] do show muonium formation. 

All of the factors controlling muonium formation are not yet 

fully understood. 

Our interest here is in muon behavior in oxide insula

tors: specifically, in magnetic oxides that possess the 

corundum structure. A muon is found to be in a diamagnetic 

state in most of the ionic oxides, i.e., a muon is surrounded 

by an electron cloud rather than by a single electron in the 

S state like a muonium atom. |1SR has been used for studying 

many oxides systems, such as the orthoferrites[4], the spinel 

structured oxide Fe304[5], the corundum-like oxides[6-14] and 
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others [15]. The present work concentrates on |LISR in the 

corundum structured oxides: M2O3 (with M= Al, Cr, Fe, and V) . 

In order to use the muon as a probe in studying oxide 

materials, it is necessary to first know how the probe 

behaves in these oxides. One approach is to study muon 

behavior in an isostructural series such as the corundum-like 

oxides. To the muon, chemical environments of these struc

turally similar oxides should be identical. This makes it 

easier to interpret the |LlSR data measured for the a-Fe203, 

V2O3, Cr203, and FeTi03. All of these oxides have the same 

structure as a-Al203 but show differences in magnetism. The 

magnetic order involving the trivalent metal ions of the 

corundum oxides is anti-ferromagnetic but differs in precise 

detail from one to another. The advantage of using an iso

structural family is that the pSR results of all these mag

netically diverse oxides can be explained on the same basis: 

muon localization at a chemically equivalent set of sites. 

Experimentally, in these systems, the muon is found to 

become localized at sufficiently low temperatures, less than 

approximately lOOK. Knowledge of the muon sites at low tem

peratures is then important for interpreting the local field 

probed by the muon. The local field seen by a muon inside 

the magnetic oxide in the absence of any externally applied 

field is a sum of the dipolar field from the magnetic ions 

and the hyperfine transferred field due to wavefunction 

overlap. The knowledge of muon sites can help evaluate 
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models of the origin of these internal fields. Also, muon 

diffusion processes can be better understood if sites are 

known because the muon will hop from site to site when acti

vated at higher temperatures. 

On the other hand, the jiSR data in some of these oxides 

can help unlock the muon sites. When the dipolar field is 

the dominant part of the local field, such as in the cases of 

V2O3 and Cr203, the muon frequency measured at low tempera

tures can be compared directly to a magnetic dipole-field 

calculation and hence help determine the muon site[5,16]. 

(See Chapter II for details.) 

Development of a method for determining muon sites is 

the major theme of this work. The field matching method 

suggests that a muon is inclined to attach to an oxygen ion 

by establishing a bond similar to the hydroxyl bond 0H~; 

that is to form a p, - 0~ bond. If the muon-oxygen bond is a 

muonic state in the corundum oxide, then the isostructural 

oxides are, again, very helpful in demonstrating this fact. 

Because of the chemically identical environment, the muon-

oxygen bonding should occur in similar fashion in all of 

these oxides. A model that works for one oxide in muon sites 

determination should work for the others too. Therefore, an 

isostructural system is ideal for testing a theoretical model 

that determines muon sites. Once muon sites are established 

through this manner, this information can be used in turn to 

interpret the |ISR data in a consistent manner. 
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In the present pursuit of muon sites in the corundum

like oxides, an electrostatic model that includes the forma

tion of muon-oxygen bonding simulated by a Morse function[17] 

is used. Basically in the model used, a muon bonds with an 

immediate neighbor oxygen via the Morse potential and inter

acts with the distant ions, positive or negative, via the 

long range Coulomb potential. A muon is thus considered as 

an ion whose effective charge is the bare muon charge some

what reduced by the electron cloud immediately surrounding 

it. As it turns out, this model is not entirely successful 

in choosing between sites suggested by field matching, thus 

many intended checks on the validity of the muon sites pre

dicted by this model have not been pursued further. However, 

the present attempt does reveal some interesting features of 

this model and opens up suggestions for possible future 

attempts. 

In Chapter II, the |ISR data and their interpretation for 

the corundum structured oxides are presented. Muon sites 

suggested by dipole-field and potential energy calculations 

from other people are also discussed. 

Since the discovery of the high-Tc superconductors in 

198 6, a lot of |ISR work has been directed toward the new 

oxide superconductors. It is quite logical to extend the 

knowledge gained from the study of corundum-like oxides into 

the study of the superconducting oxides. The muon sites in 

the Y-Ba-Cu-0 system has been explored by the field matching 
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method and will be reported here. Tentative muon sites found 

in the oxide superconductors are presented in Chapter IV. 

The electrostatic model which we used for determining 

muon sites and results of our calculation for the corundum

like oxides are presented in Chapter III. Modifications are 

also suggested for improving the present work. 

Since much crystallographic information is required, 

especially the magnetic order associated with the investi

gated oxides (both corundum-like and superconducting), the 

relevant crystal structures and magnetic structures are 

presented in Appendix A. Sometimes, a transformation from 

one crystal system to another is necessary for a calculation; 

Appendix B explains the approach used to perform these 

coordinate transformations. 

A program "MUSITE" was developed for the present cal

culation. The organization of this program is briefly 

outlined in Appendix C. Several formula that are relevant to 

this work such as the magnetic dipole field sum, second 

moments, and the Ewald sum are listed in Appendix D. 

Finally, the Spin Rotation technique is briefly reviewed 

in Appendix E. 



CHAPTER II 

fiSR DATA FOR CORUNDUM-LIKE OXIDES 

One reason to study muon behavior in ionic oxides is to 

establish the Muon-Spin-Rotation technique as a probe for 

these materials. A series of p.SR experiments have been done 

in various kinds of oxide materials[4-15]. An important 

aspect of |ISR measurements in most ionic oxides is that the 

muonium signal is normally not observed; but rather free-

muon like signals are pervasive. Muon-oxygen bonding may 

provide a consistent explanation for |ISR data observed in 

many transition metal oxides[5,16]. If muon localization in 

transition metal oxides at low temperatures can be explained 

by muoxyl bonding, then a study in isostructural oxides such 

as the corundum system and the orthoferrite system may help 

confirm the claim. The corundum family, M2O3: (M= Al, Fe, 

Cr, V), has been scrutinized under this rationale. The 

advantage of studying the isotructural corundum family is 

that muon sites in these oxides are expected to be equivalent 

because of their chemical similarity. Another reason is that 

these oxides have different magnetic environments. Except 

for aluminum oxide they are antiferromagnetic, each with a 

different spin structure. The muon, being a magnetic probe, 

can monitor these differences in magnetism. In fact, from 

the magnetic information of these oxides alone, one can gain 

8 
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insight regarding the location of muon sites. It is there

fore the purpose of this chapter to review the |J.SR data of 

the corundum structured oxides and to explore some impli

cations of these data by both quantitative and qualitative 

arguments. 

2 . 1 jlSR Data 

The |J,SR data of the corundum structured oxides: a-Al203^ 

a-Fe203, V2O3, Cr203, and FeTi03 are shown in Figs. 2.1-2.3. 

For the magnetic oxides, the temperature dependent muon pre

cession frequencies (V Vs. T), the temperature dependent rela

xation rate (X, Vs. T) measured at zero applied field, and the 

muon frequency as a function of external applied fields are 

shown in Fig. 2.1 and Fig. 2.2. For a-Al203, which is non

magnetic, the field dependent residual polarization and rela

xation rate, and temperature dependent asymmetry are pre

sented in Fig. 2.3. 

2.1.1 a-Al90^ 

Muon behavior in corundum (a-Al203) has been investi

gated by Minaichev et al.[7], Kiefl et al.[8,9], and Boekema 

et al.[6]. Minaichev reported the muon residual polarization 

as a function of longitudinal magnetic field (Paschen-Bach 

effect) in powder samples. The residual polarization is a 

quantity that reflects the time independent but field depend

ent decoupling of the jLl"*" spin and the muonium electron spin 
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Fig. 2.1 p,SR Data for a-Fe203 and V2O3: 
Temperature dependence of the muon frequency & 
relaxation rate, and field dependent frequency(for 
V2O3 only). Features due to phase transitions 
are labeled TM (muon transition: a-Fe203) and TMI 
(metal-insulation: V2O3). Muon localization is 
indicated by the multiple frequencies at low 
temperatures and in the field dependence. The 
onset of local diffusion appears as a peak in 
relaxation rate near 120K (a-Fe203) and rise in 
rate around 150K (V2O3) , while lobal diffusion 
results in the rate peak above 400K (a-Fe203)[11,19]. 
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Fig. 2.2 |ISR Data for Cr203 and FeTiOs: 
Frequency vs. temperature follows the 
magnetization curves. Multiple frequencies 
indicate localization at low temperatures, and 
the field dependent frequencies provide field 
direction as magnitude at muon sites.[12,13] 
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Fig. 2.3 1J.SR Data for a-Al203: 
1) Residual polarization and 2) relaxation 
rate for powder samples[6-9]. Solid lines are 
theoretical assuming decoupling of the electron 
and muon spins in muonium. Muonium fractions 
near 40% are seen in the powder data. 3) For 
single crystals the zero field asymmetry shows 
a change of muon state at 50K. 4) The 
longitudinal field dependent rate shows the p,"*" 
signature with a small missing fraction, but no 
directly observable muonium. 5) The transverse 
field dependent relaxation rate indicates non-
dipolar covalent fields due to spin transfer 
from 27;̂ ]_ to the muon via oxygens. 
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in the presence of an external field. Above IkOe, (see Fig. 

2.3(a)), the data agree well with that expected from the 

Paschen-Bach effect; Below IkOe, a clear deviation from what 

is expected from a free Mu is observed. Here the polariza

tion falls rapidly to zero at small applied fields instead of 

approaching the expected value 0.5 where the spin states of 

\X'^ and e~ are half |++> and half |-+>. 

Kiefl et al. reported the observation of the muonium 

signature in their powder and single crystal measurements. 

They observed a 30% muonium fraction with a relaxation rate 

X,= .35±.05 |ls~l in their powder sample (see Fig. 2.3(b)) when 

% cooled between 6 and 20K in a flow of Helium gas, and a 35' 

muonium fraction with relaxation rate ^=11.3±4.4 }ls~-'- at room 

temperature. The high transverse field (1.2T) single crystal 

measurement, when the Mu electron spin is completely decoupl

ed from the muon and the neighboring nuclear spins, shows a 

10% muonium signal with a 4 |J.s~-'- relaxation rate and a 7 6% 

free-muon like (or diamagnetic) signal at lOK. At room tem

perature, neither the Mu or II"*" signal is observed. 

Boekema et al. has reported a temperature dependent 

asymmetry measurement in the absence of an external field and 

the magnetic field dependence for relaxation rate at 5.3K in 

both longitudinal and transverse magnetic fields. (See Figs. 

2.3(c)-2.3(e).) At zero applied field, the asymmetry changes 

abruptly at 45K and becomes flat between 50K and 200K. The 

relaxation rate is about 6 |Lls~̂  at 35K but becomes uncertain 
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above 200K. The transverse field measurement at 5.3K shows a 

relaxation rate near 1 |J,s~l at low field, which drops slight

ly as the field rises. Data from the longitudinal field 

measurement at the same temperature can be fitted better by 

two exponentials: a 35% fraction with higher relaxation rates 

and a 65% fraction with lower relaxation rates. Both relaxa

tion curves decline rapidly as the field climbs toward IkOe. 

The asymmetry in longitudinal fields suggests a 10% missing 

fraction. No Mu signal is observed in Boekema's measurement, 

not in a transverse applied field as high as 5kOe where the 

Mu and its electron should be decoupled enough to show 

muonium frequencies. 

2.1.2 a-Fe90^ 

The jlSR data [9, 10,18 ] for Hemitite a-Fe203 in the absence 

of an externally applied field can be divided into five 

regions (see the first column of Fig. 2.1): (i) below 120K, 

three muon precession frequencies are observed and the 

relaxation rate peaks at 120K; (ii) between 120K and 250K, 

only one frequency is observed while the relaxation rate 

drops as the temperature increases; (iii) between 250K and 

500K, when the relaxation rate starts to climb again as tem

perature increases, the frequency suddenly drops by a factor 

of 2.15 at the Morin temperature (TM=2 63K) and then follows 

the magnetization curve (TN=963K) until 500K, when the signal 

vanishes; (iv) between 500K and 750K, no signal is observed; 
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(v) above 750K and below TN, no signal is observed at zero 

field, but when an external field is applied a signal with 

Lamor frequency (0= Yu, Hext can be seen. 

Measurements made below TM with an external field 

applied parallel to the hexagonal c-axis of a single crystal 

and the initial muon polarization perpendicular to the 

c-axis, show that the muon frequency observed at zero field 

splits into two, separated by A C0 = 2'y|j.Hext [10] • 

According to Riiegg's analysis [11] based on the tempera

ture dependent relaxation data (see second row, first column 

of Fig. 2.1), the Arrhenius activation energies for muon dif

fusion are 0.1, 0.3, and 0.58 eV for temperature ranges 

<120K, 120-250K, and 350K-1000K respectively. 

2.1.3 Y2Q3 

The muon spin precession frequency in V2O3 was first 

reported by Uemura et al,[12]. in powder samples. Only one 

muon frequency is observed below the Mott (metal-to-

insulator) transition temperature TMI- The data presented 

here is, however, from the single crystal measurements 

reported by Denison et al.[19]. (See the second column of 

Fig. 2.1.) Two frequencies are observed below the transition 

temperature TMI=134K: one signal is 0 MHz and the other 

approximates a magnetization curve with an extrapolated value 

of 14.9 MHz at zero Kelvin. Above 134K, only the zero 

frequency persists as expected from the paramagnetic phase. 
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The ratio of intensities of the two signals below 134K is 

about three to one in favor of the non-zero field. Notice 

that the Mott transition temperature reported here is 134K 

instead of the popularly accepted 155K, an indication of 

slight oxygen deficiency in the sample. 

When external fields are applied along the c-axis of the 

crystal at 65K, the single frequency observed at the zero 

field now splits into four, indicating that the directions of 

the local fields are oriented at 7°, 66°, 116°, and 174° ± 5° 

from the c-axis. 

2.1.4 0212̂ 3 

In Cr203, isostructural to a-Fe203, the |1SR data from a 

single crystal show two frequencies below 150K; yielding 70 

and 105 MHz when extrapolated to OK. (See Fig. 2.2.) The 

lower frequency follows the magnetization curve with a Neel 

temperature of TN=300K. Under external fields, each frequen

cy is split below 150K: the upper frequency (97 MHz) splits 

into 3 signals, while the lower (65 MHz) signal splits into 

two[13]. 

2-1.5 FeTiQ3 

The zero field |LlSR data (see Fig. 2.2) from a natural 

crystal of Ilmenite (FeTi03) show two temperature dependent 

frequencies which follow the magnetization curve and have 

extrapolated frequencies of 270 and 460 MHz at zero 
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temperature. Transverse field measurements show that muons 

experience a well defined local field below the Neel tempera

ture (TN = 57K). However, few data points exist and the 

signals are rather weak[14]. 

2.2 Discussion and Data Interpretation 

2.2.1 g-AloO? 

As shown in the residual (time independent) polarization 

measured at room temperature, a deviation from the Paschen-

Back effect expected from free muonium is observed when the 

applied longitudinal field is below 1000 Oe. (See Fig. 2.3.) 

The deviation may be explained by superhyperfine interactions 

between the 27^]_ nuclear spins and the Mu electron which 

couples strongly with the muon. The sharp rise in polariza

tion in the low field region indicates that the weak super-

hyperfine interactions are being decoupled quickly as the 

field increases. Minaichev's result does not show evidence 

of a free muon, nor does it directly verify Muonium via the 

characteristic frequencies of Mu. 

That the spin coupling between the Mu electron and the 

muon and the neighboring atoms at low fields can be elimi

nated by a high transverse field is demonstrated by Kiefl's 

single crystal measurements. However, their 1.2T transverse 

field measurement shows a dominant 7 6% free muon signal and a 

minor 10% Mu signal. On the other hand, Boekema et al. 

observed no muonium signal in their transverse field 
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(0-5 kOe) measurements, possibly because the superhyperfine 

interactions between the Mu electron and Aluminum spins cause 

splitting in the hyperfine levels and create numerous unre-

solvable small amplitude frequencies. This can be expected 

if the spins have not been well decoupled in the 0-5 kOe 

fields. However, Minaichev's longitudinal measurement shows 

that the decoupling is almost complete at 1000 Oe longitu

dinal field, yet Boekema's longitudinal field measurement 

shows no sign of muonium formation, except perhaps for the 

small -10% missing fraction. 

An interesting observation is that, at longitudinal 

fields below 1000 Oe, Minaichev's residual polarization 

raises rapidly while Boekema's relaxation rate drops signi

ficantly. There may or may not be a correlation, but the 

conclusions drawn from these two longitudinal field measure

ments are very different indeed. This is a good indication 

that the measurements are sample dependent. The 10% missing 

fraction in Boekema's longitudinal measurement, may or may 

not be due to unresolvable, small amplitude Mu signals. As 

much as 20% of the signal strength is missing in Kiefl's 1.2T 

transverse field measurements, which show both ii"*" and Mu 

signature. 

In contrary to Minaichev's result, neither Boekema nor 

Kiefl's group observes free muon or muonium signals at room 

temperature. However, based on the fact that high quality, 

single crystals are used in both Boekema's and Kiefl's 1.2T 
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transverse field measurements, it is reasonable to say that 

the free-muon state plays a key role in corundum oxide. But 

why and how both free muon and muonium states coexist in this 

oxide is still unknown. 

In Boekema's transverse field measurement shown in 

Fig. 2.3, the relaxation rate is about 1 |is~l at low tempera

tures, which can not be explained by direct \l'^ and 27;̂ i nuclei 

dipolar interactions alone. A nuclear second moment calcula

tion shows that even when a muon is put as close as lA from 

an Al ion the relaxation rate is only 20% of the observed 

value. The discrepancy may be accounted for by assuming that 

the muon bonds with an oxygen ion which bridges the transfer 

of spin density between the muon and nearby Al nuclei. The 

effect of spin transfer on the relaxation rate could be esti

mated if the muon sites are accurately known. 

Kiefl et al. also did powder sample measurements, see 

Fig. 2.3(b), which show a higher Mu fraction in a-Al203, 

about 30% at both low temperatures (6K-20K) and room tem

perature. The low temperature measurement has a very small 

relaxation rate ~.35± 0.05, too small to come from a Mu state 

in the bulk or at grain boundaries or surfaces. Since their 

sample was bathed in a low temperature He atmosphere, it 

absorbed He atoms and formed a coating effectively preventing 

the Mu from reaching grain surfaces. This explains the sharp 

increase in the relaxation rate (see Fig. 2.3(b)) above 12K, 

at which temperature the He gas evaporates from surfaces and 
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Mu atoms can reach the surface. At room temperature, accord

ing to their analysis, Muonium atoms move freely in the void 

regions of the powder because of the negative work function 

and the presence of He in the voids. 

In both cases above, Mu is more favorably formed at the 

grain surfaces or the intergrain volumes, than in the bulk. 

This may explain why the bulk single crystal measurement 

shows little or no muonium signal. However, a more rigorous 

quantitative model and (or) more experimental work is needed 

to demonstrate this assertion. 

2.2.2 a-Fe903 

a) Data interpretation. This is a classic example that 

demonstrates muon localization and diffusion in magnetic 

oxides. a-Fe203 is antiferromagnetic below TN= 963K. Two 

spin configurations are possible for this material. Below 

the Morin temperature (TM=2 63K), iron spins lie parallel or 

antiparallel to the hexagonal c-axis; above TM^ the spins 

flip 90° and lie in a plane perpendicular to the c-axis. 

The three signals (see Fig. 2.1) below 120K are inter

preted as arising form muon localization in three struc

turally inequivalent sites. Near 120K, as suggested by the 

peak in the relaxation rate, there is a change in muonic 

states (no known change of material properties at this tem

perature) , possibly due to the initiation of local hopping 

from site to site. Between 120K and 250K, the signal 
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frequency may be explained by a muon diffusing in microscopic 

regions and hence averaging the three signals below 12OK to 

become one. Above the Morin temperature the frequency drops 

almost by half as a result of the spin reorientation. The 

drop will be exactly half if the internal field sampled by 

the muon is purely dipolar; however, the drop by a factor of 

2.15 indicates the presence of some transferred hyperfine 

field due to covalency. 

Above 250K, thermally activated diffusion causes the 

muon to begin drifting away from a local region and the 

relaxation rate to rise. At 500K, global diffusion dominates 

and no signals are observed because of rapid depolarization 

due to the antiferromagnetic field sampled by the diffusing 

muon. Above 750K, the global diffusion becomes so rapid 

that, through motional narrowing, the signal reappears but 

averaged to zero frequency with a non-zero relaxation rate. 

The explanation of the absence of the muon frequency above 

750K can be checked by applying an external field to the 

crystal. In this case a signal with The Larmor frequency 

a)=YHext appears, confirming that the muon moves rapidly and 

averages the antiferromagnetic internal fields to zero. The 

absence of a muon signal between 500K-750K, even with an 

applied field, means that depolarization due to global 

diffusion is comparable to the experimental sampling time, 

and the motion is not yet fast enough to be in the 
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"motionally narrowed limit" in magnetic resonance termino

logy. 

b) Muon site determination. The |ISR data of a-Fe203 can 

be explained by bare muon localization and diffusion but not 

by muonium formation. The muon localization has been 

postulated to result form a muon sitting at electrostatic 

potential minima. Two separate electrostatic potential 

models predicted two different kinds of potential minima: the 

so called Bates sites[20] and the Rodriguez sites[21], each 

site is about lA from an oxygen ion. The Bates sites are 

located near the basal plane and the Rodriguez sites are in 

the void. (See Fig. 2.4.) Each oxygen has two Rodriguez 

sites and three Bates sites attached to it. Therefore, the 

muon localization is probably due to the formation of muon-

oxygen bonding. 

Muon sites in a-Fe203 can also be identified using mag

netic dipole field calculations[22]. The magnetic field 

sensed by a localized muon is given by 

B|i= B^ip + Bcov + Bext (2.1) 

where B|j,, B^ip, Bcov^ Bgxt ^^^ the local, dipolar, covalent, 

and external fields. Expressing B|j, in terms of its vector 

components below and above the Morin temperature, we get 

B|i> = ( B(;jip̂ x̂  ^dip,Y' Bdip^z + Bcov,z )>/ T>TM 

B)a< = ( B̂ iip̂ x + Bcov,x. B(^ip^y, B(̂ ip̂ 2 )<; T<TM (2.2) 
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Fig. 2.4 Muon Sites in Corundum Oxides: Rodrigues (R) 
sites in the octahedral void and Bates (B) 
sites near the local phone. Path for 
calculated field averaging due to local 
deffusion in R sites is shown in the 
insert the result agrees reasonably well with 
the a-Fe203 frequency for 120-400K when 
covalent field estimates are included. 
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where ">" and "<" denote that the equation is applied above 

and below Morin temperature. 

Evaluation of Equation (2.2) is possible because the 

transferred field Bcov is parallel to the spin orientation. 

Since the magnitude of the covalent field is independent of 

spin structure, at site s 

Bcov,z (S)> = Bcov,x (s)<, (2.3) 

the covalent field along z above TM is the same as the 

covalent field along x below TM- Based on conditions 

described by Equations (2.1) and (2.2), a computer search 

algorithm can be constructed to locate the muon site: 

i. Assuming T=OK, pick a position s and evaluate the 

dipolar contribution B^ip due to the surrounding 

ions using one of the spin configurations, 

ii. Evaluate the magnitude IBcovI where 

IBcovI = I B^ - B^ipl. (2.4) 

(Bn is the extrapolated value at OK for each of the 

spin structures: 15.68 and 7.4 kOe for spins 

parallel to and perpendicular to the c-axis.) 

iii. Repeat i and ii for the second spin structure, 

iv. From Equation (2.3), if Equation (2.4) holds for 

both spin structures, then s is a possible site. 

V. Repeat for the next candidate position. 
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The above scheme was used by Boekema[22], to identify 

two of the R (Rodriguez) sites within 0.05A and all B (Bates 

sites) within 0.2A of the positions predicted by the poten

tial calculations[23]. The dipolar field calculation is thus 

a useful tool to locate muon sites if the material is magne

tic and primarily dipolar in nature. 

c. Local motion. The single frequency between 120-250K 

can be explained by assuming that a muon diffuses rapidly in 

a local region; possibly due to hopping between the B or R 

sites of the nearby oxygens. Any muon motion parallel to the 

trigonal axis would destroy the signal due to averaging the 

field from the oppositely oriented moments in successive 

layers, but a two-dimensional diffusion within planes per

pendicular to c-axis will give a non-zero frequency. 

An analysis based on this assumption was carried 

out [24]. Using only the dipolar calculation, it is found 

that a muon may favor diffusing in a plane containing three R 

sites in an octahedral void as shown in Fig. 2.4. The diffu

sion is very localized indeed. By assuming a circular path 

for computational convenience, the average dipolar field 

along the path is computed to be (0, 0, 20.4) kOe and (10.2, 

0, 0)kOe for the spin structures below and above TM. The 

ratio of the these two dipole fields is exactly 2:1, however, 

the measured values are 15.6 and 7.4 kOe. When Boekema's 

calculation[23], which infers that the transferred hyperfine 

field is about 4 kOe for the R sites, is considered, the 
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above values agree reasonably well with the experiment. Two-

dimensional, local diffusion is thus proposed to be respon

sible for the muon signal between 200K and 500K. 

2.2.3 ^2^3 

a) Data interpretation. The |J.SR data (see Fig. 2.1) 

shows a sharp metal-to-insulator transition at TMI=134K, 

considerably lower than the generally accepted 155K. 

However, it is known that significant hysteresis exists for 

this transition in V203[12,281, and that the way the crystal 

is annealed might have caused the oxygen concentration to 

deplete as ^2'2)3-xr which has a lower transition temperature. 

The two muon frequencies (0 and 15 MHz) observed below 

TMI iri the absence of an external field indicate muon locali

zation. External fields applied along the hexagonal c-axis 

helped determine the vector direction of the fields at muon 

sites to be 7°, 66°, 116°, and 174° to the c-axis with an 

experimental error of ±5°. The above can be readily deter

mined if the cosine rule 

2 2 2 
B.= B + B. + 2B B, ^Cos0 
M- ext m t ext int 

is applied to the field dependent data displayed in Fig. 2.1. 

BM is the field obtained after applying an external field 

Bext- Bint is the extrapolated value at OK from the zero 

field frequency curve. 
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The muon frequencies obtained here are quite a bit 

smaller than the muon frequencies observed in a-Fe203. The 

magnetic moment of the vanadium ion V̂"*" is 1.2 [IB (Bohr 

magneton) compared to 5|IB of Fê "*" and the hyperfine inter

action between a muon and the V̂"*" is much weaker than between 

a muon and Fê "*" because of the differences in 3d electronic 

configuration. (See below.) Also, V2O3 undergoes a struc

tural phase transition[25] from the rhombohedral (corundum) 

structure to the monoclinic structure below TMI- The change 

in atomic positions during this phase transition is so small 

that the structure can still be well represented by the 

hexagonal system. The V-̂"*" moments make an angle of ±71° to 

the hexagonal c-axis and lie in planes along the hexagonal 

[Oil] direction if the structure is represented by the hexa

gonal system. (See Appendix B.) It is this spin arrangement 

which makes a zero frequency possible at a subset of the B 

and R sites. Electrostatically, however, the structural 

phase transition may cause the muon sites to be different 

from those of the other corundum-like oxides, even though the 

change is expected to be very small. 

The relaxation rate of V2O3 is the lowest among the 

corundum-like oxides: about 2\ls~^ below 134K and 0.2|ls"i 

above 134K, a clear indication of a very localized muon and a 

good quality sample. The relaxation rate above 134K varies 

as a Gaussian in time, also a sign of muon localization. 
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although the increase in rate above TMI suggests the onset of 

local diffusion. 

b) Muon hyperfine field. The magnetic interaction 

between a muon and the V-̂ "̂  moments in V2O3 is almost purely 

dipolar. The reason is that the supertransferred hyperfine 

field is weak in V2O3. In a cubic or octahedral crystal 

field, the 3d electron configurations of transition metal 

ions are split into two orbital states of t2g and eg 

symmetry. The eg is two-fold degenerate (dx2-y2, d3z2-r2) 

and the t2g is three-fold degenerate (dxŷ  dyz^ dzx)• The 

lowest energy state is t2g. In V2O3 with two 3d electrons 

only the t2g state is occupied, while in a-Fe203 with five 3d 

electrons all orbitals are occupied. In an octahedral 

coordination, as in the corundum-like oxides, the eg orbitals 

point directly to the oxygen ions and the t2g orbitals are 

parallel and perpendicular to the crystal c-axis. As shown 

in Fig. 2.5, the p-orbital of an oxygen ion points toward the 

eg orbital on one side and bonds to the muon on other. In a 

sense, the oxygen ion mediates the spin transfer between the 

metal ions and the muon. Since the eg orbital is not 

occupied in V2O3, this leads to a 7l-bonding state between the 

t2g-orbitals and the oxygen pz orbitals. The covalent spin 

transferred in this manner is an order of magnitude smaller 

than for a (J type bonding between the eg and the Pz. This is 

why the covalent field is stronger in a-Fe203 than in V2O3 
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Fig 2.5 Superexchange Interactions: Orbitals 
involved in the M̂ '̂ -O-fl superexchange 
responsible for covalent fields observed in 
jlSR in corundum oxides . For Fê "*" both the 
eg(3z2-r2,x2-y2) and t2g(xy,yz,zx) orbitals are 

occupied, resulting in a-bonding with oxygen 
pz-orbitals and strong covalent fields. 
For V̂"*" and Cr-̂ "̂  only the t2g orbitals are 
occupied leading to K- bonding and weak 
covalent fields at the muon site. 
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and the interaction between a muon and vanadium is mainly 

dipolar. 

c. Muon site determination. Since the magnetic 

interaction between vanadium ions and the muon is mainly 

dipolar in origin, muon sites can be readily determined by 

matching the dipole field calculated for a site to the }ISR 

frequency extrapolated to OK. A simple computer search 

algorithm[26], like the one in a-Fe203, was constructed to 

determine the muon site: 

i. For the 15 MHz signal, observe if the 

conditions 

IBdip - B|̂ | < 0.1 kOe 

I 6 — 0 experiment I < 5° 

are matched for an arbitrarily chosen site. Try 

again if not so. 

ii. For the 0 MHz signal, check 

I Bdip I < 0.2 kOe 

only. 

The result of this search is depicted in Fig. 2.6. As 

in the case of a-Fe203, only a subset of B- and R-sites 

predicted by potential calculations are found. However, the 

missing sites seem to follow a pattern. X-ray data[26] 

indicates that the pairing of V̂"*" ions across the shared 

octahedral edge causes the V-V distance on the edge to 

decrease, accompanied by a simultaneous increase in V-V 

distance across the octahedral face. The V-V pair must then 
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Fig. 2.6 Muon Sites in V2O3: Muon sites are shown for 
one Bates (B) and one Rodriguez(R) region. 
Sites "missing" for the monoclinic phase are 
marked x. Arrows indicate the displacements 
of V̂ "̂  ions during the phase change. 
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rotate toward the octahedral void. The arrows in Fig. 2.6 

represent this motion. A careful comparison of the vanadium 

displacements during the phase transition and the missing 

muon sites indicates that a V-̂"*" ion has moved closer to the 

missing R-sites and away from sites found by the search. 

A similar situation happens for the Bates sites as well. 

The dipole calculation thus shows that muon sites are 

again found in the octahedral voids and in oxygen basal 

plane; except that the V-V pairing, suggested by 

Goodenough [27] to be responsible for the metal-to-insulator 

transition [28], causes some of the sites to be removed. 

2.2.4 Cr2^3 

The fact that the two free muon frequencies observed 

below 150K become split into many more frequencies when 

external fields are applied demonstrates once again that 

muons are in localized states. (See Fig. 2.2.) The local 

fields at the muon sites which yield the upper frequency 

makes angles of 6 = 80.5° and 99.5° with the c-axis. The 

angles are 0= 76° and 104° for the lower frequency. 

Unlike a-Fe203, two instead of three frequencies are 

observed, which indicates that the strength of the covalent 

fields of these two materials are quite different if the 

assumption that muons occupy equivalent sites in the 

corundum-like, isostructural oxides is valid. First of all, 

the dipole arrangement in Cr203 is different: in Cr203 the 
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spins are arranged either parallel (+) or antiparallel (-) to 

the c-axis in the form (-+-+) along c-axis, while in a-Fe203 

it is (++—) . Additionally, the three 3d electrons of the 

Cr̂ "*" moment, similar to V^^ in V2O3, occupy the t2g state and 

hence favor forming the weaker 7C-bonding state with oxygens, 

whereas Fe-̂ '*' ions form both n and O-bonding with oxygens. 

Thus transferred hyperfine fields at the muon sites resulting 

from the chromium-oxygen 7C-bonding in the Cr203 are much 

small than those of a-Fe203. The muon sites in Cr203 can 

thus be pursued using dipole calculation alone. The dipolar 

fields calculated at the R and B sites show that the covalent 

field at an R site is about 1 kOe and is about .5 kOe near 

the B sites. Since the exact convalent calculation has not 

been properly carried out and unlike a-Fe203 which provides a 

means (the spin-flop transition) to estimate the covalent 

contribution, the site determination in Cr203 should include 

the field dependent measurement, as has been done in V2O3, to 

help confirmed the muon sites. 

2.2.5 FeTiQ3 

Since the signals from the natural crystal are weak and 

few data were collected, it is difficult to obtain sites from 

the extrapolated fields. The weakness of the signal inten

sity is probably due to the impurities and vacancies present 

in the natural crystals used. 
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Ilmenite, FeTi03, has alternate layers of Fê ''" and Tî "*" 

at anion sites. Muon sites are expected to be slightly 

different than the sites found in V2O3 and a-Fe203 if muon-

oxyen bonding is responsible for muon localization. The 

higher frequency curve observed has an extrapolated value of 

4 60 MHz at OK, twice as large as that of the a-Fe203; 

however, the Fê "*" ions have a moment 4/5 as strong as Fe-̂ "̂  

and are separated in planes twice as far apart as Fe-̂ "̂  ions 

in a—Fe203. In ilmenite we would expect large covalent 

fields from the Fê "̂  ions; but not from Tî "*" which is a non

magnetic close-shell ion. 

2-3 Final Remarks on îSR Data 

Based on the jiSR data described above and some simple 

analysis based on dipole calculations, several observations 

have been made. First, no muonium signal is found and the 

diamagnetic (free) muon signal are dominant in the magnetic 

oxides of the corundum family. In a-Al203 a low percentage 

of Mu formation in the bulk is possible, according to Kiefl's 

measurement. 

Muons are found to be localized in these oxides at low 

temperatures, as shown in the measurements of a-Fe203, V2O3, and 

Cr203. Distinct frequencies are observed in the absence of an 

external magnetic field and when an external field is applied, 

these observed frequencies become split. This can only happen 
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to muons localized at well defined sites with distinct local 

fields. 

The differences in |ISR signals observed at low tempera

tures in the magnetic oxides are due to the differences in 

supertransf erred hyperfine fields and spin order. The Fê ''' 

ion contributes more to the hyperfine field than Cr-̂ "̂  or V-̂"*" 

does. The former has electrons in the eg orbitals forming 

a-bonding with neighboring oxygens, while the later have 

electrons only in t2g orbitals forming 7C-bonding with 

oxygens. Because the fields are primarily dipolar, the field 

matching method for muon site determination is possible in 

V2O3 and Cr203. It is thus possible to identify muon sites 

similar to those predicted by the electrostatic calculation 

by dipole-field calculations alone. The advantage of dipole 

field calculation is that it is simple and that it can be 

compared directly to experimental data. Sites found in V2O3, 

and in a-Fe203, by including covalent effect, are approxi

mately 1 A away form oxygen ions, strongly suggesting the 

existence muon-oxygen bonding. This result helps guide the 

choice of potential functions used in the potential energy 

calculations described in the next chapter. 

Muons can diffuse locally at temperatures as low as 

120K, and global diffusion begins above 350K. This result 

is mainly suggested by the relaxation rate measurements in 

a-Fe203. 



CHAPTER III 

MUON SITE DETERMINATION BY 

THE POTENTIAL METHOD 

In the last chapter, experimental evidence of muon 

localization in the corundum-like oxides and muon sites 

preliminarily identified by field matching were discussed in 

detail. In this chapter, muon site determination using the 

potential energy method will be investigated. As described 

earlier, two kinds of muon sites have been proposed based on 

electrostatic potential energy, namely the so called Bates 

(B) sites near the oxygen plane and the Rodriguez (R) sites 

in the octahedral void. (See Appendix A for details of the 

crystal geometry.) Historically, Rodriguez found potential 

energy minima in the octahedral voids but did not check the 

plane because of their experimental evidence. Likewise Bates 

found minima near the oxygen planes without checking the 

void. The original goal of this work was to seek both the 

Rodriguez and the Bates sites in the corundum family within 

one model; and, if successful, to locate muon sites in V2O3 

which has a slight structural distortion from the corundum 

rhombohedral phase into a monoclinic structure. 

The result of this work, based primarily on Bates's 

model, disagrees with that of Bates, Rodriguez, and the 

field matching method in terms of exact location of the 

39 
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minima; even though local potential minima do fall into the 

same general regions (oxygen plane and octahedral void). 

Because of this finding, pursuit of muon site assignments in 

each of the oxides described in the last chapter was not 

pursued any further. For the model as we applied it, the 

absolute potential minima always occurred between the oxygen 

pairs whose distance of separation is the shortest. It is 

now clear that the ionic (point charge) model or the simple 

mixing of a covalent model (muon-oxygen bonding) with the 

ionic model, is insufficient for accurate muon site determi

nation in this oxide system. The results for the model 

calculations will be discussed by reference to a-Al203, or 

corundum, for which the structure is named. In this chapter 

the model used for carrying out the potential calculation in 

the present work, deficiencies of this model and of classical 

electrostatic models in general, and a proposed model for 

further work will be discussed. 

3•1 The Model 

3-1-1 Rankaround Information 

Based on ample experimental evidence, a muon, once 

implanted into the oxides, behaves like a free-muon and 

becomes localized at low temperatures in interstitial sites 

which should correspond to potential minima. Since the 

corundum oxides are primarily ionic materials, it is natural 

and simplest to assume an ionic model to describe the 
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electrostatic potential seen by a muon inside crystals. The 

simple expression for the energy of a muon located at r is 

then 

I 
The first term on the right is the electrostatic Coulomb 

interaction between the muon the host ionic charges. The 

second term is the Born-Mayer short range core-core repulsion 

term which is sometimes better represented in exponential 

form Ae~P^, rather than as a power law. Unlike for interac

tions within ionic crystal systems, a and b cannot be deter

mined from experimental bulk properties such as cohesive 

energy, bulk modulus, and equilibrium nearest-neighbor sepa

rations or from scattering experiments, because such measure

ments for the muon are unavailable, if not impossible. Equa

tion (3.1) represents the model used by Riiegg and Rodriguez 

[29] in their calculations for which the minima are found in 

the octahedral void. 

Bates, Engstrom, and Wang[20] found that for hydrogen in 

a-Al203, the infra-red spectra are dominated by 0H~ stretch

ing. By assuming 0H~ bonding along with electrostatic 

Coulomb interactions, they were able to assign hydrogen sites 

in the oxygen basal planes. The expression they used for 

evaluating the potential energy is 
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V=XDe{l-EXP[-a(rih-re) ] }2 + ^ ^ bEjh EXP [--(r j^-Rjh-Rj) 1 

*I"r*i -^ . (3.2) 
^jh 

.; I 

Note that the index i represents oxygen, i' means summing 

over i excluding those oxygens participated in 0H~ bonds, and 

j sums over cations only. The first term on the right hand 

side of Equation (3.2) is the Morse function representing the 

0H~ bond: with De^ re, and a being, respectively, the disso

ciation energy measured from the minimum to the horizontal 

asymptote, the equilibrium 0-H bond length, and the parameter 

which, together with De, helps determine the curvature of the 

Morse function near the minimum re. The second term accounts 

for the short range core-core repulsion between the 0H~ and 

the cations. The parameter b can be obtained from a calcula

tion of the perfect-crystal potential enery of an 0^ ion near 

its equilibrium position. The parameter £ is defined as 

ej^=H-Z./Nj+Zh/N^, where Z and N are the valence and numbers 

of electrons in the last closed shell respectively. p is a 

parameter which Bates et al. borrowed from Tosi and Fumi's 

[30] treatment of alkali halides, Rh and Rj are the ionic 

radii of the proton and the cation. The third term is the 

interaction between the hydrogen and the oxygen dipoles, and 

the last term is the Coulomb interaction between the proton 
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and cations. Since a muon can be treated as an isotope of a 

proton, sites found for hydrogen in Bates et al.'s calcu

lation should be the same for the muon based on the argument 

of Born-Opperheimer approximation. Therefore, these are the 

so-called Bates sites for the muon. 

A close examination of Equation (3.2) reveals a funda

mental problem. The problem arises from the way the oxygen 

ions are being treated. If one scrutinizes the first and the 

third term carefully, one immediately realizes that the 

oxygen ions nearest the hydrogen (or muon for our sake) are 

treated as covalent centers for forming 0H~; while the 

distant oxygen ions are treated as dipoles only. Equation 

(3.2) shows no sign of distant oxygen ions being treated as 

point charge ions. The Morse function in the first term of 

Equation (3.2) practically vanishes as close as 3 A from any 

oxygen center. The interaction between the hydrogen and the 

oxygen dipoles, the third term of the equation, is small 

compared to that from a hydrogen ion and oxygen point charges 

at large distance. The point charge interaction between 

oxygen ions and the hydrogen ion is simply missing. The 

cations, on the other hand, are treated as point charges in 

the forth term. Since a charged body can be represented as 

a combination of point charge, dipole, quadropole, and higher 

terms, to omit the contribution of distant oxygen ions as 

point charges in the equation results in a net positive 

energy. Renormalization of their results to zero at the 
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overall minimum observes this fact. Even with this undesir

able feature in their considerations. Bates et al. claim 

excellent agreement between their calculation and experimen

tal hydrogen sites found in Ti02[23]. For Bates et al,'s 

approach, the overall potential energy minimum does not occur 

in the octahedral void of the corundum-like oxides; three 

sites per oxygen are found near the oxygen planes as shown in 

Fig. 2.4 discussed previously. 

3.1.2 The Potential Energy î odel 

Ignoring the shortcoming of Equation (3.2) described 

above, Bates's model shows promising features for finding 

muon sites in corundum-like oxides. First of all, the oxygen 

core repulsion term in equation (3.1) can now be replaced by 

the Morse potential function whose parameters De, Ot, and re 

of a 0H~ are obtainable from both experiment and theory 

[31,32]. Secondly, this muon-oxygen bonding model can 

explain why the diamagnetic muon but not muonium is seen in 

the corundum-like oxides. There is no reason why the muon 

does not bond with oxygen ions if hydrogen does. Because of 

these promising features, the present model is based 

primarily on Equation (3,2) . The potential energy for the 

muon in the oxides, in the model we have used, is written as: 

V= X{DeEXP[-2a(ri|a-re) ]+2DeEXP[a(ri|x-re) ] }+ \ — • (3.3) 
i JL^ ^^i^ 
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The first term on the right is, again, the Morse function 

with the boundary condition set at v(r=oo)=o. The second term 

is the Coulomb potential with all distant ions equally 

treated as point charges. The sum over i' means those 

oxygens involved in the bonding are excluded form the sum. 

Notice that the dielectric constant £ is included in the 

second term. All polarization effects are lumped together; 

therefore the muon-oxygen dipole interaction as a separate 

term is omitted. The choice was made to simplify the calcu

lation and because the determination of appropriate local 

oxygen polarization is highly dependent on choices of para

meters and is not directly measurable. Also the repulsive 

interaction is ignored here because of the lack of a proper 

way to select parameters and because it has only a small 

effect on the position of minima. More discussion on this 

matter will be given in later sections. From now on, OMu~, 

which is the same as ILl'̂ -Ô , rather than 0H~ is used for 

further discussion. In a sense the muon is now a muonium in 

a diamagnetic state: with two electrons of opposite spins 

partially occupying the S state rather than one electron in 

the S orbital. 

A special condition is set for evaluating Equation 

(3,3) . The Morse function is summed over a number of oxygens 

participating in the OMu~ formation. All other oxygens not 

involved are put in the second term of the equation. There 
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is a question as to where to draw the line for placing an 

oxygen in the first or in the second term of Equation (3.3). 

Consider this scenario: a bare muon is brought toward an 

0~ ion (free 0~ does not exist but, for the sake of argument, 

assume it does). At large distance, the interaction between 

the muon and the oxygen ion is purely coulombic, but at small 

separation muon-oxygen bonding, modeled by the Morse func

tion, takes place. Based on the Born-Opperheimer approxima

tion, parameters for the Morse potential calculated for 0H~ 

can readily be used for describing the OMu~ bond. Now 

reverse the process by separating the moun from the oxygen 

starting from the bonding state. Both theoretical calcula

tions and experiments[31,32] show that 0H~ dissociates into 

0~ ion and H atom. This dissociation is completed by the 

time they are 3 A apart. In other words, the OMu~ dissoci

ate into an 0~ and a Mu. Mu is a neutral atom, so it becomes 

insensitive to ionic charges. Experimentally this is not the 

case since a muonium signal is not observed. The muon simply 

hops or diffuses from one oxygen to the other at higher tem

peratures, and never ditches itself completely from an 

oxygen. The muon therefore stays in a diamagnetic state. 

Classically, this can be viewed as an electron cloud wrapping 

around the muon and reducing its effective charge to q|j,. q|j. 

then depends on the local charge density p(r) at the muon 

site. From this point of view, the muon is not entirely bare 
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but may be partially dressed even when it is outside the 

bonding distance from an oxygen. 

One is left with the problem of how to switch between 

the Morse term at short distance and the Coulomb term at 

larger 0-|J. separation, particularly how to match both the 

potential energy and its slope. See Fig. 3.1 which overlays 

the Morse and Coulomb curves for qjj, constant. A proper calcu

lation could actually be carried out if we know the local 

electronic density as a function of r and rewrite the Coulomb 

interaction in the second term of Equation (3,3) as 

I P|a(r)po(r') dXdT' 

Unless a quantum treatment is used, the local charge density 

cannot be known. Such an approach was carried by Estreicher 

[33] in dealing with light particles including muons in 

metals. For the purpose of limiting the current calculation 

to a simple model, a fixed q|j. is used. The problem of 

switching the potential from the Coulomb into the Morse 

function when the separation of a muon-oxygen pair is smaller 

than the critical distance re or vice versa, has not been 

dealt with in the present calculation except to switch them 

when the terms are equal. This only affects the barrier 

height but not the position of potential minima. If 

additional work is 
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Fig. 3.1 Morse vs. Coulomb potential: The Morse poten
tial for an 0H~ is compared to the Coulomb 
interaction between an oxygen and muon, 

qoqj l /er , f o r qo=-2 , q|i=.3 6 and £=10 and Morse 
parameter set 1 from Cade[].See text sectio-
3.1.4 and Table 3.1. 
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attempted using the present model a smoothed switchover 

function could be employed. 

3.1.3—Choice of Parameter.s 

The parameters used in Equation (3.3) are tabulated in 

Table 3.1. There are two sets of values for De, a, re 

listed. The first set is obtained from Cade's ab initio 

calculation[31] and the second set is from Frenking and 

Koch's calculation[32]. There is as much as 

Table 3.1 Parameters for the Morse Potential and Other 
Constants. Two set of Morse parameters from two different 
sources. Cade[31] and Frenking and Koch[32], are listed 
below, along with other parameters used in the calculation. 

Morse Set 1 Morse set 2 Dielectric constant nnuon charge switching distant 

De= 3.484 eV De= 4.85 eV (a-Al203) q|i=0.36 (re) 

a= 2.891 a= 2.22 e=10 2.23^ ( s e t l ) 

r e = 0 . 9 4 ^ re= 0.97 X 1.8^ (set 2) 

1.5 eV difference in the dissociation energy. Frenking and 

Koch's result agrees better with recent experiments than that 

of Cade in terms of both the bond length and the dissociation 

energy. The Frenking and Koch reference is a more recent 

work that uses a larger basis set and the M<zSller-Plesset 

perturbation technique. 
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The dissociation energy is for a free 0H~ to dissociate 

into a hydrogen atom and an 0~: 0H~ -> 0~ + H. However, the 

dissociation energy of OH" in a-Al203 is found experimental

ly, by Bates et al., to be around 2.8 eV[23]. The theo

retical values listed in Table 3.1 are used in the present 

calculation, since a free OMu~ or 0H~ without the presence 

of a crystal field is assumed in Equation (3.3). Ideally, 

the result of Equation (3.3) should predict the dissociation 

energy 2.8 eV found in the experiment. Using Cade's parame

ters except that re = 0.94A is replaced by 0.97A, as Bates et 

al. have done, the calculated potential minimum (—2.8 eV) 

agrees well with the experimental value but the exact sites 

are somewhat different from the Bates sites. Both calcula

tions using Cade's parameters and Frenking and Koch's 

parameters are presented in the next section. 

The dielectric constant is obtained from the experimen

tal DC anisotropic dielectric constants of a-Al203[34]. 

Disregarding the anisotropy in the present calculation, 

a dielectric constant 

^ 

C/-| -1 to 9̂ *3 "5 J. U , U O 

is used in Equation (3,3): £^^=£22=^.88 and £^^=11,52 are the 

experimental values. 
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The Coulomb to Morse crossover distance re is set to 

2.23A by equating the Morse and Coulomb forms for the two-

body interaction. 

Equation (3.3) is now ready for application to a-Al203, 

The crystal structure of a-Al203 is described in Appendix A. 

The general outline and function of a program MUSITE, devel

oped for handling Equation (3,3) applied to various crystal 

structures is described in Appendix C, The potential energy 

is calculated over a framework of three-dimensional spherical 

(p, 0, (|) ) grids surrounding an oxygen ion. Only 

crystallographically inequivalent oxygen sites are consid

ered. Rectangular grids defined by (x,y,z) enclosing any 

rectangular region of interest are also used. With the help 

of computer graphics, grid points representing a narrow range 

of potential energy, say, between Vo ±Av are displayed. 

Selection of a group of connected points that indicate a 

potential minimum rather than locating the exact minimum is 

quite satisfactory in the present work because the muon has 

zero point motion larger than to the size of the grids, 

3.2 Results of Calculation 

For the sake of clarity, the region of the crystal 

considered in the potential calculation is depicted in 

Fig. 3.2, Here both the octahedral void (Rodriguez region) 

and the AI2O3 molecule are shown. The octahedral void is 
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Fig. 3.2 Region of Corundum Structure for Muon Site 
Search: An AI2O3 molecule and octahedral void 
are shown with a few additional atoms; a) is 
a 3-D view, b) is the projection normal to the 
[110]hex direction, and c)shows the potential 
minima from Equation. (3,3) with parameter set 
1 (Table 3.1) . 
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enclosed by the six oxygens labeled as 01, 02, 03, 06, 07, 

and 08. The AI2O3 molecule is made up of 03, 04, 05, and 

All, and A12. Figure 3.2(b) displays the projection of Fig. 

3.2(a) along [110] hexagonal direction. Figure 3.2(c) 

depicts the AI2O3 molecule. In the next sections, the 

potential energy surface of the oxygen ion 03 is examined, 

then the octahedral void is surveyed. 

3.2.1 Potential Energy Surface 
Surrounding an Oxygen Ion 

To search for muon sites, a framework of spherical grids 

(p, 0, ({)) is constructed around an oxygen ion of interest. 

Table 3.2 shows the size of grids used in the calculations. 

The oxygen chosen in the present calculation is oxygen 03 as 

labeled in Fig, 3.2(a). Because of the 3-fold symmetry of 

the structure, any potential minimum calculated for 03 can 

be extended to other oxygen based on symmetry arguments. The 

result clearly shows that the absolute minimum is located 

between the oxygen pairs of an AI2O3 molecule with the muon 

being lA away from one of the oxygens. The corresponding 

muon sites are marked in Fig, 3,2 (c) , The minimum value is 

about -2,78 eV, which agrees very well with 0H~ dissociation 

energy in the a-Al203 reported by Bates et al, 

The potential surface on the oxygen plane surrounding 03 

is shown in Fig 3.3(a), Clearly there is a trough in the 

direction toward the immediate oxygen neighbor. Figure 
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Table 3.2 Grid Sizes. 
Resolutions of spherical grids around an oxygen ion and 
rectangular grids enclosing the octahedral void, as used in 
Fig. 3.5 to Fig. 3.9. 

Spherical Grids 

0 < Q < 180 ; step(DQ)=3 

0 < F < 360 ; step (DF)=3 

0.96 < r < 1.12 ; step (Dr)=.01 

rectangular Grids 

-1.5 < X < 1.5 &; step (Dx)=.2& 

-1.5 < y < 1.5 A: step (Dy)=.2X 

2.17 < z < 4.3̂ ; step (Dx)=.2& 

3.3(b) shows the corresponding contour plot of the potential 

surface. Figure 3,4 (a) displays the two absolute minima 

found near the oxygen, calculated from Morse parameter set 1, 

The origin of the coordinate system is the center of the 

oxygen 03. The two patches of dots appearing on the x-y 

plane at z=0 are generated for the condition -2,38 eV < V < -

2,75 eV, The numerical output shows that the minimum value 

is -2.78 eV. The vectors from the origin 03 to the two spots 

are separated by an angle of about 60° and point toward the 

neighboring oxygens in the Ai203 molecule, as shown in 

Fig. 3.2(c). The next lowest local potential minima is 

between -2.4 and 2.35 eV. This includes two regions: 1) in 

the octahedral voids labeled as R, and 2) the region labeled 

as U in Fig. 3,4 (b) . 
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3-2.2 Potential Energy Surfaces Found 
in the OctahPdr^l VniH 

Since the Rodriguez sites in the octahedral void were 

predicted by Riiegg and Rodriguez [21 ] , a frame of 3D rectan

gular grids is also constructed to examine the void region. 

The absolute minimum is not found in this region. But local 

minima about 0.5 eV less than the absolute minimum are found 

in this region. Fig. 3.5 to Fig 3.9 shows how the potential 

energy surfaces (and the corresponding contour levels) varied 

from the bottom of the void (z=2.17 A) to the center of the 

void (z=2.94 A). The bound of the void is shown pictorially 

by Fig. 3.2(a) and numerically by Table 3.2. Barrier heights 

between minima in the void can be extracted from the contour 

maps. Each of the six oxygens surrounding the void is found 

to have a broad minimum of -2.37 eV inside the void. These 

minima are partially shown in Fig. 3.4(c) and are fully shown 

in Fig. 3.10. The box shown in Fig. 3.10 is the rectangular 

bound of the octahedral void. The hemisphere-like dot 

patterns surround local minima of -2.37 eV. Notice that 

based on the argument of inversion symmetry, there should 

be three more local minima in the top half of the box. Only 

three are shown here for the sake of clarity. 

3.2.3 Potential Energy Profiles 
between Oxygen Pairs 

The results presented in the last two sections are 

calculated from Morse parameter set 1 listed in Table 3.1. 
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SITES 

Fig. 3.10 Local minima in the octahedral voids. Three 
of six broad minima (E < -2.375) are shown. 
They are in the lower half of the void near 
06/ 07 and Os; Similar minima occur near Oi, 
02 and O3 in the upper half of the reaion. 
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The first set was used because the same set was used by Bates 

for their calculations; therefore the results obtained from 

the present calculation can be compared to those of Bates. 

Now the differences from two different sets of Morse param

eters will be demonstrated in terms of examining potential 

energy profiles between four pairs of oxygens. These oxygen 

pairs are 03-05, 03-09, 03-08, 03-01 shown in Fig. 3.2. 

Likewise, the effect of including or not including the short-

range cation-core (Born-Mayer) repulsion--the second term of 

Bates's formulism. Equation (3.2)—on potential energy 

profiles of the four oxygen pairs will be discussed. 

Potential energy profiles using parameter set 1 for 

oxygen pairs 03-05 (2.52A), 03-09 (2.62A), 03-08 (2.73A), 03-

01 (2.87A) are plotted in Fig. 3.11. These are only four 

distinct nearby oxygen pairs in a-Al203. Notice that barrier 

heights between oxygen pairs shown in Fig, 3.11 agree quali

tatively with Blum's ab initio calculation of 0-H-0~3[35] 

shown in Fig, 3,12. The 2.52A (03-05) pair has the smallest 

barrier height, and almost becomes a single well, the 2,62A 

(03-09) pair has the next smallest, and so on. The minimum 

energy of the 2,52A (03-05) curve is about -2,8 eV and it is 

also the absolute minimum. However, the order of the minima 

appearing in potential energy curves in Fig. 3,11 is exactly 

the reverse of Blum's finding shown in Fig. 3,12. The 2.52A 

(03-05) pair has the lowest potential energy instead of the 

highest. This is a strong indication that a simulation of 
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OMu~ (or OH") may underestimate the contribution of the 

neighboring oxygen. By bringing two oxygens close together, 

with the muon somewhere in between of course, the additive 

effect of the first term of Equation (3.3) makes the 

potential curve more attractive (deeper), as in the case of 

the 2.52A (03-05) pair, causing an underestimation of the 

repulsive energy shown by the ab initio calculation . 

Calculations were repeated for the same set of oxygen 

pairs using the second set of parameters listed in Table 3.1. 

The results obtained are plotted in Fig. 3.13. Here, the 

order of minima is as deep as the -2.8 eV. Again, the order 

of barrier heights follows the same trends as the previous 

set. The potential profile for the 2.52A oxygen pair is now 

clearly a single well and deviates more from Blum's 

calculation in terms of the shape of the well. 

Once again, this demonstrates insufficient local repul

sive energy in Equation (3.3) or Equation (3.2) which adds 

the Morse potentials of OMu~ or 0H~ linearly. Another source 

of underestimation of local repulsion may also come from the 

second term of Equation (3.3), where the dielectric constant e 

is used throughout the calculation. A truly localized probe 

like the muon is more strongly affected by its nearest 

neighboring atoms than remote ones. For close range interac

tions, the local e(r) may very well be different from the bulk 

quantity £ because the Coulomb screening is now dependent more 

on the local charge density p(r) than the polarizability of 
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the bulk material. The use of a constant e must underestimate 

the positive energy contribution from the neighboring 

cations. Since it is not possible to evaluate the local 

electronic density in the present model, no further inference 

can be made. Yet another source of the extra repulsion could 

come from the cation core repulsion term which has been 

neglected in Equation (3.3) but is present in Equation (3.2), 

To simulate the core-core repulsion between the muon and 

cations, a repulsive term 50e~-^^, which is about the same 

strength as that used in Equation (3.2), was added to 

Equation (3.3) . The results of adding this repulsive term to 

Equation (3.3) using Morse parameter set 1 and Morse parame

ter set 2 are shown in Fig. 3.14 and Fig. 3.15, respectively. 

Figure 3.14 (parameter set 1 + repulsion) shows that the 

potential curve is pushed upward by almost 1 eV; while Fig. 

3.15 (parameter set 2 + repulsion) shows a upward shift of 

1.5 eV. In both cases, the barrier heights are larger than 

for the cases without repulsion. The lowest potential energy 

is again for the 2,52A (03-05) oxygen pairs, but the second 

lowest energy curve is for the 2,73A (03-08) oxygen pair 

instead of the 2,62A (03-09) curve which is now the third 

lowest. The repulsion does push the absolute potential 

minima between 03-05 up to become very close to the energy 

found in the void. This can be seen by drawing the potential 

profiles across the octahedral void between 03 and 06. The 

results of the curve obtained from Morse parameter set 1 
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(set 2) , with and without the repulsion term added, are shown 

in Fig. 3.16 (Fig.3.17). When the repulsive term is added, 

by comparing Fig. 3.16 to Fig. 3.14 (Fig. 3.17 to Fig. 3.15), 

it is found that the minimum energy of the 2.52A (03-05) 

curve is almost the same for the potential curve running 

through the void. 

In general, for the two sets of Morse parameters the 

results only differ in the relative depth and barrier height 

of the potential curves but the general features remain the 

same. Note also that this calculation does not check for a 

shift of the overall minimum away from the 03-05 line, which 

must take place to some extent. 

It seems that if more attention is paid to accurately 

modeling the local environment of the muon in the 03-05 

oxygen pairs, the octahedral void may turn out to give the 

best muon sites, according to Blum's finding and simulation 

of adding stronger repulsive interactions. However, it must 

be warned that adding the short-range core-core repulsion 

term to Equation (3.3) is for illustrating the effect of what 

an extra repulsion will do to the energy profiles only. It 

does not mean that one can justify the strength used for the 

core-core repulsion because the parameters are largely 

unknown. Also, when a constant dielectric constant e is used, 

the Coulomb interaction qjq|j./er between a muon and a cation 

becomes screened so much that it is barely twice as large as 
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the Born-Mayer repulsive term 50e"3r at r=1.5A. Hence if 

this Born-Mayer (core-core repulsion) term is used in 

Equation -(3.3), it would mean that the Born-Mayer term is 

disproportionally large. The bulk e used in Equation (3.3) 

causes too much screening for close ionic charges. One 

should treat the coulomb and short-range core repulsion terms 

from nearby cations on the same basis. It is hard to justify 

such a large relative contribution from the core repulsion at 

distances so far away (1,5A) from the hard core (0,3A). 

3.3 Comments on the Potential Model 

Several observations can be made from the above 

results: First the absolute potential minima (muon sites) 

occur on the oxygen plane, between the oxygen pairs of a 

AI2O3 molecule. These are close to but not precisely the 

sites predicted by Bates, Adding the cation short-range 

core-core repulsion to the OMu~ does not significantly help 

change the position of the minimum. The main difference in 

this calculation and Bates is in the treatment of polariza

tion effects. Use of a position dependent dielectric 

constant, which gives stronger repulsion from very close 

positive charges, may move the minima away from the 0(3)-0(5) 

line close to the Bates sites. Secondly, local minima are 

found in the octahedral void, but again not precisely those 

suggested by Rodriguez. In fact, very diffuse local minima 

are found in the void, surrounding each of the oxygen ion at 
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the edge of the void. When the short-range core-core 

repulsion is added to the calculation, the energy in the void 

is not raised as much as for those sites on the plane because 

of the larger distance from nearby positive ions. This can 

render the potential minima in octahedral void nearly as deep 

as those on the plane. Here also the position-dependent e 

will raise the Bates region much more than the void. 

However, adding the cation core repulsion term makes the 

third local minimum (U-site) effectively vanish because it is 

very close to two cations. 

An estimate can be made of barrier heights, although 

these are highly dependent on the choice for Morse parame

ters. For set 1, the activation energy between the absolute 

minimum in the AI2O3 molecule and the octahedral void is 

around .45 eV, close to the global activation energy 0,58 eV 

found in Riiegg's analysis, (See Chapter II,) Also, the 

present calculation gives the correct dissociation energy 

-2.8 eV for the 0H~ in the corundum oxide. 

The absolute potential minima for our model are observed 

between the oxygens in the AI2O3 molecule. This is opposite 

to Blum's quantum calculation for a hydrogen atom placed 

between the four pairs of oxygens separated by 2,52A, 2.62A, 

2.13k, and 2.87A respectively. This is strong evidence that 

the present treatment is insufficient in describing the local 

environment seen by the muon. This is the result of an 

underestimation of the local repulsive contribution from the 
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neighboring oxygens, and by screening off too much near-range 

point charge contribution when a constant e is used. 

Since Boekema[22] and K,C. Chan's[24] dipole-field 

calculation, respectively, found a subset of the Rodriguez 

and Bates sites in a-Fe203 and V2O3, and since the present 

finding is not in direct agreement with any of the three, we 

can not resolve the difference between Bates and Rodriguez. 

Up to this point, muon site determination by classical elec

trostatic point charge models coupled with covalently bonded 

0H~ has proven inconclusive in the corundum structure oxides, 

Basically what has been shown by this research is that by a 

judicious choice of parameters and treatment of nearby atoms, 

sites either in the void or rear the triangle of planer 

oxygens can be selected within the classical approach. 

The fact that quite different muon sites are found by 

the various modifications of the classical model, suggests 

that site assignments are highly model and parameter depen

dent. Equation (3,1) to Equation (3.3) each produce a 

different result because each has its own set of parameters 

and treatment of important interactions. Most of the time, 

the parameters can not be uniquely determined. The question 

now is how to resolve the conflicts and identify the exact 

cause of differences in these results. 

The most convenient place to lay blame is on the parame

ters being used in each model. The difficulty of getting 

parameters a and b for the core-repulsion in the ionic model, 
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Equation (3.1), has been discussed earlier. Unless these 

parameters are set in such a way to reproduce the free OH 

equilibrium distance (~lA) as a prerequisite, it is hard to 

believe that it can predict a correct end product. 

The difficulties of Equation (3.2) have also been 

discussed in detail. Despite the incorrect treatment of the 

distant oxygen ions in this equation, there is also a problem 

in the choice of parameters. As is obviously seen, if Bates 

et al. had used Brenking and Koch's Morse parameters, they 

would have gotten a different result. Apparently, Morse 

parameters are model dependent as well. Use of experimental 

data should give proper guidance, however, that depends on 

which experiment one refers to. Not only are the Morse 

parameters model dependent, the choice of parameters for the 

core-core repulsion in the third term of Ec^uation (3.2) is 

also questionable. For instance, the parameter p is borrowed 

from a calculation done for alkali-halide materials, not for 

oxides. However, the repulsive term is small unless a very 

short core-core distance is considered since the p is always 

found to be near 0.3A. Equation (3.3) has the problem of 

excessively screening the contribution from nearby ions in 

addition to the problem of the choice of Morse parameters and 

short-range parameters. Finally, in light of Blum's calcula

tions, the additive properties of the first term of Equation 

(3.2) may not be right because it neglects extra covalent 

(repulsive) effects. 
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Generally speaking, different choices of parameters lead 

to different results. Most important of all, lack of hard 

experimental evidence makes it impossible to properly evalu

ate any choice of parameters. Since there is so much uncer

tainty in the choices, a parameter-free method is needed, 

A small cluster ab initio calculation might resolve the 

conflicts. Blum has done one for a 0-H-0~3 cluster already. 

It didn't solve the conflict because he did not look in the 

octahedral void, nor did he try larger clusters to ensure 

that his result was independent of cluster size. Blum's 

result shows sites in the oxygen plane but not the same one 

found by Bates. So, Blum's calculation only adds more confu

sion instead of resolving the conflicts. However, a series 

of small cluster calculations of different size plus inclu

sion of lattice relaxation may resolve the present puzzle. 

The outline and major features of a cluster calculation will 

be considered below. 

3.4 Recommendations: 
Quantum Cluster Approach 

As discussed in the last two sections, the ionic model 

or a hybrid of ionic and chemical bond model is problematic 

because of 1) lack of direct experimental means to determine 

the necessary parameters and 2) improper treatment of the 

local environment near a muon where electron density plays an 

important role in shaping the potential surface and thus 
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determining muon sites. The later is demonstrated by the 

fact that Equation (3.3) underestimates the short-range 

repulsion at the predicted muon sites as discussed in section 

3.2.3. Lack of a unique way to determine parameters and high 

sensitivity to immediate environments for a local probe like 

the muon strongly suggests a small embedded cluster treat

ment. Some of the symptoms of the classical electrostatic 

model have been identified three years ago at the beginning 

stage in the search for a model. Because of the assumption 

that a simple point charge model was good enough for a first 

order approximation during the early stage of this research 

and unfamiliarity with quantum chemistry or cluster calcula

tions, the attempt to perform a quantum calculation was 

deferred. 

Even though an ab initio calculation requires no 

parametric inputs, it is not problem free. Several technical 

aspects must be taken care of properly before a meaningful 

result can be obtained: (1) the size and geometry of a 

cluster, (2) the choice of basis sets, (3)boundary condi

tions, (4) spin states, and finally, (5) lattice relaxation. 

Each of these aspects will be discussed below. 

•3.4.1 S-i7.e of Cluster 

The smallest cluster to be considered is, off course, 

OMu~; but this might not give the minimum energy. The 

logical approach to select the proper size of cluster is to 
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try various configurations such as a muon and two oxygens, a 

muon and three oxygens, a muon in the octahedral void with 

six oxygens, a muon and the AI2O3 molecule, a muon and A106/ 

a muon and AI2O6, or even larger clusters such as a muon and 

AI10O15, Small sized clusters should be sufficient for the 

objective of this work. As demonstrated by Blum[35], a 

hydrogen between two oxygens is already capable of predicting 

some 0H~ vibration modes correctly. The best cluster con

figuration is the one that shows minimum energy. Therefore 

an energy versus cluster configuration plot should show some 

trends on what the best cluster configuration ought to be. 

3.4.2 Choice of Basis Set 

The choice of basis set is an important factor in ab 

initio calculations. Accurate reliable basis sets suitable 

for molecular calculations have been tabulated for most atoms 

up to transition metals[36-40]. Most of these tabulations 

are for free atoms. Some modification of free atom basis 

sets is needed for modeling ions in a solid. For example, 

for an anion like 0^ in the oxides, a free ion basis set plus 

a diffuse function[41] is needed in order to treat it 

properly. However, for a cation with a closed shell, like 

Al3+, a basis set for the neutral atom is usually adequate. 

For unfilled d-shell cations such as Fe3+, v3+, Cr3+ in the 

corundum-like oxides, a diffusive d-function is needed. In 

order to describe proper bond formation such as the OH" or 
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OMu" a polarization function (function of higher angular 

momentum) needs to be considered. However, the role of a 

polarization function in the solid state is not clear, even 

though it seems to be important whenever a chemical bond is 

formed. It is thus recommended to include a polarization 

function for OMu~ since it is considered as the single most 

important muonic state in ionic oxides. 

Because of the availability of Gaussian 8x (x=0, 2, 6) 

programs, Gaussian type orbitals are often assumed for these 

calculations. One may not have the freedom of using the muon 

mass in a Gaussian 80's program; but the hydrogen mass could 

be used in place of the muon mass because of the Born-

Opperheimer approximation. If vibrational states of the muon 

in a potential well are needed, then one can generate the 

potential well using the Gaussian 80's program and then 

solve, numerically, for the muon vibrational states in the 

well. 

For the core electron of the ions considered, a pseudo-

potential approach should probably be used to avoid pro

hibitive computational time. 

3.4 .3 Cin.ster Boundaries 

Since the energy level of ions in a solid is strongly 

affected by the Madelung potential, it is important that the 

correct potential is used. For ionic solids, the common 

approach is to embed the desired cluster in a large array of 
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point charges. A good example of this is 0=. It does not 

exist in a free state, but can be stabilized by a charged 

sphere of le, the so-called Watson sphere[42], which gives 

the correct Madelung potential at the oxygen ion site. 

Similarly, a Watson sphere can be constructed surrounding the 

desired cluster. Sometimes, a pseudopotential-like function 

is used for stabilizing a cluster as suggested by Xia et 

ai.[43]; while Kunz and Klein[44] use yet a different 

approach. 

Provided a large sum of point charges is included, the 

Madelung potentials at different ionic centers can be speci

fied accurately, giving a realistic representation of the 

effect of the rest of the lattice upon the cluster. There

fore the total potential energy can be written as 

V = Vc + VE, 

where Vc is potential energy due to the small cluster chosen 

and VE is Ewald sum representing the interaction with the 

rest of the lattice. See Appendix D for the expression of 

the Ewald sum. Since the Ewald sum is applicable to dipoles 

as well as point charge, if inclusion of oxygen dipoles is 

desired in expressing the total potential energy, the Ewald 

dipole sum can still be used. However, to express the 

induced dipole of an 0^ requires the knowledge of its polar

izability, which in turned must be calculated from the clus-
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ter calculation. So a self-consistent scheme is needed for 

this approach. 

3.4.4 Spin statP.ĉ  

For Al3+, the cation is a closed shell system, so 

restricted Hatree-Fock can be used. However, Fe3+, v3+, and 

Cr3+ have partially filled shells (open shells). Using 

unrestricted Hatree-Fock is possible but, unfortunately, the 

wavefunctions produced are not always eigenfunctions of the 

spin operator S^, and therefore can not yield an accurate 

representation of the physical system. Therefore, a modified 

or a generalized restricted Hatree-Fock such as Roothaan's 

open-shell method or Nesbet's method[45] should be used for 

the open-shell ions involved in the cluster calculation. 

3.4.5 Lattice Relaxation 

The presence of the muon can distort a lattice locally 

by displacing its neighboring ions. A candidate cluster may 

not yield the lowest energy unless lattice relaxation is 

taken into account. Normally this is done by adjusting 

atomic positions one bit at a time until a minimum energy is 

obtained. However, it is more an art than a science to relax 

the cluster if the cluster under consideration does not 

possess a definite crystal symmetry. Anyhow, for a reliable 

cluster calculation, lattice relaxation must be considered. 



CHAPTER IV 

MUON SITES IN HIGH-Tc SUPERCONDUCTOR 

Since the discovery[46,47] of high-Tc superconductors, 

many of the |ISR experiments have been shifted toward the 

study of these materials, especially the La-Cu-0 and the 

Y-Ba-Cu-0 system. Current |J,SR experimental interests are in 

the magnetic field induced vortex structures found in the 

superconducting phase and the antiferromagnetism of copper 

moments in the non-superconducting phase of the oxide. Our 

interest, however, is in muon site assignment to these oxides 

based on experimental evidence. At this point of writing, 

only GdBa2Cu307-5 provides a complete set of data for the 

field matching technique of muon site determination. That is 

why the GdBa2Cu307-5 rather than any other members of the 

Y-Ba-Cu-0 family is chosen for the present study. In 

addition to the field matching approach, matching the nuclear 

second moment to the experimental width of the magnetic field 

distribution at room temperature is also used to reduce the 

number of candidate sites. 

4.1 Relevant Facts Related to 

GdBa9Cu^07-8 

Two pieces of information must be available before a 

field matching is considered possible: knowledge of the 

magnetic order of the sample and the muon spin precession 
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frequency due to that magnetic order. Fortunately, the 

Gd3+ moments of superconducting GdBa2Cu307-5 order anti-

ferromagneticaily below 2,2K, The spin arrangement of Gd3+ 

moments is shown in Fig, A.5(b), The temperature dependent 

muon spin precession frequencies for this sample below 2.2K 

were reported by Golnik[48], (See also Fig. 4,1.) 

The |J,SR measurement shown in Fig. 4,1 shows two tem

perature dependent frequencies that resemble magnetization 

curves. The upper curve extrapolated to 7 MHz at zero Kevin 

is most likely due to the Tc=60K phase and the 4,6 MHz is due 

to the Tc=90K phase. The variation in the critical tempera

ture Tc is possible because Tc is dependent on oxygen concen

trations [49] . Normally, for 5-0,5 the Tc is about 65K and for 

6-0, the Tc is around 90K, With the magnetic structure shown 

in Fig.A.5(b) and muon frequencies from Fig, 4,1, a dipole-

field calculation can be carried out to match the experiment

al values for muon site determination. 

An alternative way to determine the muon site is 

available. This approach is to match the width of the field 

distribution (the relaxation rate) by the calculated nuclear 

second moment. The relaxation rate represents the width of a 

magnetic field distribution seen by the muon. (See Appendix 

E for more discussion on this matter.) For GdBa2Cu307-5r 

near room temperature, a constant relaxation rate -0,25 is 

observed. Figure 4,2 shows the flSR temperature dependent 

relaxation rate measurement for the GdBa2Cu307-5, At this 
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square are data for the 60K and 90K sample 
respectively. Solid Lines are for guidina 



88 

O 

Fig. 4.2 Temperature Dependent Relaxation Rate Data: 
Observed in GdBa2Cu30x at 1 KOe Transverse 
Field. Below Tc/ the sample is a vortex 
state; near room temperatures, the relaxation 
rate is a constant, -0.25 }is~̂ , resulti.ng 
from nuclear spin fluctuation. 
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temperature, no ordered electronic moments exist in 

GdBa2Cu307-5, yet the field distribution is nonzero. The 

origin of the distribution of fields is due to the fluctua

tion of nuclear moments. The electronic paramagnetic moments 

fluctuate too fast at room temperature to be sensed by the 

muon. The field distribution due to nuclear spin 

fluctuation, according to Van Vleck, can be evaluated in 

terms of nuclear second moments. An expression of the 

nuclear second moment can be found in Equation (E,2) in 

Appendix E. Using the same approach as the dipole-field 

matching, the Van Vleck sum at the interstitial site can be 

calculated and compared to the experiment, 

In this work, in order to make the muon site selection 

more restrictive, both the dipole field matching and the 

relaxation rate matching are used for determining a muon 

site, i,e., a candidate muon site must yield both the correct 

dipole field and the second moment. 

Since GdBa2Cu307-5 and YBa2Cu307-5 behave the same elec

tronically and experimentally they have the same Tc ~ 95K, a 

similar chemical environment can be expected from these 

oxides, and the muon site determined for GdBa2Cu307-6 is just 

as good as for the generic YBa2Cu307-5, 
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4.2 Lattice Information and 
Site Calculation 

Using the program MUSITE, with some modifications to the 

matching conditions specifically coded for the dipole field 

and relaxation rate, muon sites can be readily searched. The 

program MUSITE demands an input file that specifies lattice 

information such as lattice constant and atomic positions, 

charges, magnetic moments, etc., of a unit cell. The mag

netic and structural information is given in Appendix A. 

MUSITE is currently set to handle as many as six different 

lattices at the same time. For identifying muon sites in 

GdBa2Cu307-5, information for two different unit cells are 

needed: one for the Gd3+ magnetic structure and one for the 

nuclear spin structure. The program calculates the dipolar 

field at location (x,y,z) within the magnetic unit cell 

first, and then it switches to the structure containing the 

nuclear moments to calculate the second moment. If both the 

dipolar field and the nuclear second moment match the experi

ments, the position is considered as a candidate muon site, 

4 3 Re.suIts of Calculation and 
Di soussion 

The result of a calculation using the antiferromagnetic 

order shown in Fig. A,5(b) is shown in Fig. 4,3. Dotted ring 

patterns are generated when the 4,6 MHz signal is used as the 

frequency search condition. A similar pattern for the 

http://Re.su
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7 MHz can be seen as shown in Fig. 4.4. These dotted 

patterns are candidate muon sites. Judging from the patterns 

one simply can not assign a few specific spots as muon sites 

based on field matching alone. These rings are actually 

centered on the Cu-0 chain, and each ring lies between an 

oxygen and a copper ion in the chain. It is highly sugges

tive that the muon is more likely to be found in the copper-

oxygen chain than anywhere else in the crystal. 

One important observation based on this finding is that, 

because the 4.6 MHz |j,SR signal is for the superconducting 

compound GdBa2Cu307-5 with higher oxygen stoichiometry, this 

set of sites indicates that a muon is not likely to occupy 

the oxygen vacancy along the a-axis, contrary to what many 

have argued. 

It is difficult to explain why sites obtained for the 

7MHz are found in the same general region as those found for 

the 4.6 MHz. The 7MHz signal corresponds to the low oxygen 

stoichiometry sample, which means many oxygens along Cu-0 

chain are depleted. According to electrostatic arguments as 

in Chapter III , the muon should see a more positive 

background in the chain than elsewhere. In other words, 7 

MHz signal should not come from the Cu-0 chain region. This 

problem could be resolved when the latest finding of the 

order of Gd moments is considered. It is found that, for 

GdBa2Cu307-5 at low oxygen concentration, Gd moments order 
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somewhat differently than moments in sample with higher 

oxygen concentration. The moments in the 65K phase order 

antiferromagnetically along the a-axis and b-axis, but order 

ferromagnetically along the c-axis. It is the same as 

flipping over the middle layer of spins as shown in Fig. 

A.5(b). However, this new piece of information came a little 

bit too late to be included in the present work because of 

the time constraint. 



CHAPTER V 

CONCLUSION 

Muon-spin-rotation experiments in the corundum-like 

oxides predominantly suggest that a muon does not capture an 

electron and form muonium (except in a-Al203 where 10% muonium 

is observed), but rather responds to the local magnetic field 

more like a bare muon. Classical electrostatic models have 

been used to locate.probable muon sites in these oxides. The 

ionic model used by Riiegg and Rodriguez reveals muon sites in 

the octahedral void, while a model that mixes covalent OMu" 

and the electrostatic interaction used by Bates et al. gives 

muon sites in the oxygen basal plane. Independently, 

matching the calculated dipolar field to the experimental 

value observed as the )ISR frequency, as performed by Boekema 

in a-Fe203 and this author in V203^ identifies a subset of the 

sites found by Rodriguez and Bates, but not all of them. 

The attempt of the present work is to come up with a 

model that could distinguish between the sets of sites 

claimed by Rodriguez and Bates or locate a third set of sites 

to explain the experimental findings. It is found that the 

ionic model (Rodriguez) and the 0H~ bonding model are both 

highly susceptible to the specific choice of parameters. The 

model used for the present calculation (see Equation (3,3)) 
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is similar to that used by Bates and is therefore also 

plagued by parameter dependency. The set of muon sites found 

in the present calculation is different from that of either 

Bates or Rodriguez. The main conclusion from the present 

work is that for the oxides the energy balance between the 

two likely regions for muon sites is very delicate and that 

proper parameters are crucial if any classical model is to 

correctly identify the sites. While the present calculation 

finds sites near those of Bates, inclusion of stronger 

repulsive forces, either coulombic or core terms, for the 

nearest two cations will shift the minima toward the Bates 

sites, or if stronger will raise the whole M2O3 molecular 

region enough to place the overall minima in the octahedral 

void and thus generally reproduce the R sites. In order to 

make further progress on this question some other approach 

free from arbitrary parameters must be employed. Judging 

from the ab initio calculation for a hydrogen between a pair 

of oxygens 0-H-O in a-Al203 performed by Blum, the local 

repulsion is underestimated by the present models. It's 

quite clear that, in order to resolve the conflicts between 

these models, a parameter free calculation is needed: such as 

an ab initio small embedded cluster calculation. However, 

such a small cluster calculation is not the only alterna

tive. The electrostatic model. 
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p^(r)pi(r') dTdX' 

XT' l^-r' 

where I is summed over neighboring ions and p(r) is the local 

charge density, can be used if the charge density p(r) can be 

determined from ab initio calculations. In all of the simple 

models considered the actual local charge density p(r) imme

diately surrounding a muon is largely ignored. The ionic 

and/or bonding model may still be viable if the short-range 

repulsion term can be properly approximated from a quantum 

calculation and oxygen polarization effects can be properly 

incorporated. 

Finally, other drawback of the models so far applied to 

muon site determination is that muon-oxygen bonding has been 

preconditioned; therefore, these models always give energy 

minimum approximately lA away from the oxygen. The inspira

tion for the inclusion of the muon-oxygen bonding is from 

experimental findings that 0H~ is formed by diffusing H2 into 

a-Al203, and that satisfactory bonding sites were found by 

field matching. A cluster calculation may eliminate a bias 

like this and may give a more objective muonic state. For 

instance, as in the case of the high-Tc oxide supercon

ductors, experiment shows that the copper hydride rather than 

hydroxyl bonding is present as the hydrogen state in these 

oxides. A cluster calculation has a better chance to yield 

the correct form of a muonic state which is so dependent on 
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the local environment. However, a cluster calculation does 

not guarantee the correct muonic state, especially for the 

oxide superconductors for which the mechanism responsible for 

the superconductivity is still not confirmed, and the Cu-0 

bonding not yet completely understood. 
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APPENDIX A 

CRYSTAL STRUCTURES OF SELECTED OXIDES 

A.l. Corundum Structured Oxides 

A.1.1. Structural System 

Crystal systems M2O3:M=(Al,Cr,Ti,V,Fe) all possess the 

corundum structure (that of a-Al203). Descriptively, the 

corundum structure consists of alternative layers of oxygen 

ions and metal cations, with oxygens in (slightly distorted) 

octahedral sites and cations in tetrahedral sites. Only two-

thirds of the tetrahedral sites are occupied by the cations. 

Moreover, the cations sandwiched between oxygen layers are 

not on exactly the same plane, but in two layers that are 

very close together. Figure A.l depicts the layers of the 

octahedral anion and tetrahedral cation sites. The corundum 

structure possesses a rhombohedral unit ceil. However, it is 

more convenient to express the corundum structure in the 

hexagonal system. Figure A,2 shows the rhombohedral cell and 

its relation to the hexagonal axes. 

Table A.l tabulates the structural parameters 

(referenced to the hexagonal axes) for this family of oxides. 

V2O3, however, has two structural phases (rhombohedral and 

monoclinic). The data in monoclinic phase is listed in Table 

A.2. 
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® 02-

o ^ . 

Fig. A.l Crystal Structure of a-Al203. The cations and 
anions are organized into layers. The cations 
can be magnetic ions such as Fê "*", v3 + , and 
Ti3+. 
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e Lattice Point 

a. b. 

Fig. A.2 Unit Cell of a-Al203. a) The corundum has a 
rhombohedral cell. Its relation to a 
hexagonal cell is shown in b). The solid 
circle (•) is the cation and the circle is the 
anion. 



T a b l e A . l S t r u c t u r a l Data of Corundum O x i d e s . 
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Space groun- R3C(D^'^) 
6 

Wyckoff Cnordinatpy?-

Metal Ions (12c): ±(0. 0, u; 0, 0, u±1/2) + rh 

Oxygen ions (18e): ±(v, 0. 1/4; 0. v, 1/4; -v , -v, 1/4) + rh 

rh = (0. 0, 0; 1/3, 2 /3 . 2 /3 ; 2 /3 ,1 /3 ,1 /3) 

By shift ing (0, 0, -1 /4 ) , we get a set of coordinates 

Metal ions (12c): ±(0, 0, u; 0. 0, u+1/2) + rh (u is now u+1/4) 

oxygen ions (18e): (v, 0, 0; 0, v, 0; -v, -v, 0; -v , 0, 1/2; 0. -v, 1/2; v, v, 

1/2) + rh 

used by dipole calculations mentioned in Chapter II. 

Lattice constants-

a-Al203 

a 

u 

4.7589 

12.991 

0.102 

0.306 

Ti203 

5.149 

13.642 

0.095 

0.317 

V2O3 

4.952 

14.002 

0.0963 

0.315 

Cr20 

4.9607 

13.599 

0.0975 

0.306 

a-Fe203 

5.0345 (X) 

13.749 (A) 

0.105 (unity) 

0.300 (unity) 

(b is omitted as a=b) 
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Table A. 2 Structural Data of V2O3 in Monoclinic Phase. 

V(8f): ±(x,y,z; 1/2-x,y,-z)+bc, x«u, y«0, z«-2u 

0(8f): x«l/4+v/2, y==-v/2, z«(l+v)/2 

0(4e): ±(l/4,y,0)+bc, y«l/2-v 

a=7.255A, b=5.002A, c=5.548A 

A. 1.2. Magnetic System 

The magnetic ions Fe3+, Cr3+, v3+ of corundum-like 

oxides order antiferromagnetically below their respective 

Neel temperatures. In Fe203, planes of Fê "*" moments order 

antiferromagnetically along the c-axis, with iron spins 

oriented parallel or antiparallel to the hexagonal c-axis 

(a-axis) above (below) Morin temperature in the (++—) 

fashion. Iron moments in FeTi03, order antiferromagne

tically along c-axis also, but occupy every other cation 

layer, with non-magnetic Ti ions sandwiched in between. 

Chromium moments in Cr203 order antiferromagneticlly (+-+-) 

along c-axis with spins oriented along c-axis as well. 

Vanadium moments in V2O3 are ordered in the mononclinc 

phase. In monocline cell, the antiferromagnetic order is 

along [010]. In hexagonal description the direction is [110] 

with spins making ±71° to the c-axis. The change in atomic 

positions between the two systems is so small that it can be 

well expressed in hexagonal system. Figure A,3 shows the 
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Spin Structures of the Corundum-Like Oxides. 
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Cr203 (TiTi) , c) FeTi03 (TiTvl) with Ti plane 
nonmagnetic are along c-axis in a hexagonal 
system, but d) V2O3 is along [110]hex with 
spins making an angle ± 71° to c-axis. 
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various ordered moments in the corundum family. Figure A.4 

illustrates the monolinic phase of v3+ moment referenced to 

the hexagonal axes. 

A. 2. Superconducting Perovskite Oxides 

A.2.1 Y-Ba-Cu-O System 

a) Structural phase. The structure of YBa2Cu307-5 is 

that of a perovskite. The ideal perovskites are described by 

ABX3 (A,B are metallic cations and X is a nonmetallic anion) 

which forms a cubic structure with A at the center, B at the 

corners, and X at midpoints of the edges. YBa2Cu307-6 can be 

considered as a stacking of three such cubes along the c-axis 

and forms a structure (5=0) as shown in Fig. A,5(a)[50]. 

There are the Cu-0 chains in the basal plane, The next layer 

is the BaO plane and the Cu-0 plane is next, just below the 

Y at the center of the unit cell. The atomic positions are 

listed in Table A,3, The whole structure is orthorhombic, 

with the upper half of the cell just the reflection of the 

lower half described. 

Since the oxygen stochiometry is difficult to control 

experimentally, the 5 varies from sample to sample. It is 

found that the superconductivity changes according to the 

oxygen stoichiometry[51]. For 5<.5, the structure is 

orthorhombic and superconducting. For 5>,5, it is tetra

gonal, and non-superconducting, and the copper moments order 

antiferromagnetically. It is found that as 5 increases from 
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Fig. A.4 Spin Structure of V̂ "̂  of V2O3 in a Monoclinic 
Cell and in a Hexagonal Cell, Solid dots and 
circles are can be better described in the 
monoclinic phase: spins are either parallel o: 
antiparralled to a direction perpendicular to 
the monoclinic c-axis. 
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Structure of YBa2Cu30x. a) Structure unit 
cell of YBa2Cu307. b) Magnetic unit cell of 
Gd3+ moments corresponds to GdBa2Cu307. The 
center layer of b) flips over in GdBa2Cu306+v, 
x-0. c) The copper moment of YBa2Cu306+x, y.-O 
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Table A.3 Structural Parameters for YBa2Cu307-5, 
The result is taken form F.Beech et al.; the atomic positions 
are for annealed samples at lOK. 

Space Group: Pmmm 

Atomic Positions: 

X Y 

Y 

Ba 

Cu(l) 

Cu(2) 

0(1) 

0(2) 

0(3) 

0(4) 

1/2 

1/2 

0 

0 

0 

1/2 

0 

0 

1/2 

1/2 

0 

0 

0 

0 

1/2 

1/2 

1/2 

0,1837 

0 

0,3546 

0,1593 

0.3780 

0,3772 

0 

Lattice Constants: 

a= 3,8126 A b= 3,8804 A c=ll,6333 A 

zero, the oxygens in Cu-0 chains in the basal plane are the 

first to be removed. 
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b) Magnetic phase. Rare-earth moments tend to order in 

the superconducting phase; while the Cu moments order in 

non-superconducting phase. 

i. Rare-earth moments. When Y is substituted by magnetic 

rare-earth ions such as Gd, Er, or Ho, etc, these substituted 

ions tend to order antiferromagnetically at extremely low 

temperature near 0.5 to 2K[52]. Fig. A.5(b) shows the 

magnetic structure of Gd ions in GdBa2Cu307-5 (5-0) . Notice 

that Gd moments order antiferromagnetically in three 

dimensions. However, for GdBa2Cu307-5 (5-1) the order of Gd 

moment changes: the moments order ferromagnetically along the 

c-axis but remain antiferromagnetic along the a- and b-axis. 

This is equivalent to flipping the spins of the middle laryer 

of Fig. A.5(b) over[53], 

ii, Cu moments. It is found that when 5 is near 1 

(between .085 and 1), there exist a long range, three-

dimensional, antiferromagnetic order of the Cu moments[54], 

Fig. A.5(c) shows the structure currently proposed for this 

order. 

A .2.2 La-r.n-O System 

The La2Cu04-5 system is non-superconducting and Cu ions 

order antiferromagnetically. The Neel temperature depends on 

the oxygen concentrations. The magnetic order of the Cu 

moments in La2Cu04 are arranged as shown in Fig. A.6(a). The 

two possibilities shown are unresolved. The La2-xBax04-5 is 
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a. 
Fig. A.6 

O 02 

O 01 
0 U(Ba) 

Cu 

.0^ 

1+ 

b. c. 
structure of La-Cu-0 System. a) The structure 
cell of La2-xBax04. b) & c) Copper moment in 
La2Cu04. These arrangements are presently 
unresolved. 
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superconducting, however, and the structure is shown in Fig. 

A.6(b). Tables A.4 and A.5 list both the structural and 

magnetic data. 

Table A. 4 S t r u c t u r a l Parameters for Lai,85Bao.i5Cu04 a t 
295 and 10K[55]. 

Space group: I4/mmm 

Atomic Positions: 

La (0, 0, z) 

Cu (0, 0, 0) 

0(1) (0, ,5, 0) 

0(2) (0, 0, z) 

295K VQK 

a 3,7873(1) 3,7817(1) 

c 13.2883(3) 13.2487(3) 

V 190,598(4) 189.478(5) 

Z(La) 0,36063(9) 0,36075(9) 

Z(01) 1,97(2) 1.94(2) 

Z(02) 2.04(2) 2.00(2) 
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Table A.5 Magnetic Structural Parameters for La2Cu04. 

Cu is the magnetic ions. From neutron scattering data 
collected at 9K. 

Lattice Constant: 

a= 5.356 b= 13,167 c=5,399 A 

Copper positions; 

Cud) (0, 0, 0) 

Cu(2) (1/2, 1/2, 0), (0, 1/2, 1/2), (1/2, 0, 1/2) 

Copper moment: 1. 1±0 . 3 |J.g 



APPENDIX B 

COORDINATE TRANSFORMATIONS IN 

CRYSTALLOGRAPHIC SYSTEM 

Let (x', y', z') represent a point in the crystal system 

with axes a', b', c'. The same point is viewed as (x, y, z) 

in the coordinate system with axes a, b, c. Since the 

vector xa+yb+zc is invariant under coordinate transformation, 

then 

[a' b' c'] 
x' 
y' 

L Z ' J 

= [a b c ] 
X 

y 
z J 

(B.l) 

Suppose the axes transform as the following 

~ 

_ 

a'-
b ' 
c'-

= A 
a 
b 

- c -

then [ a' b' C ] = [ a b c ]A' (B.2) 

Where A is the transformation matrix. Hence 

[ a b c ] A"̂  
_ 

x ' " 
y ' 
z ' J 

= [ a b c ] 
X 

y 
z J 

or. 

X 

y 
L Z J 

= AT 
" x ' ' 

y ' 
L z ' J 

t 

- x ' " 
y ' 

L z ' - l 
= (AT)-I 

X 

y 
L Z 

(B.3) 
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Example. Suppose the crystal system h transforms into 

the crystal system m and we want to know 1) how the 

coordinates transform between the two systems and 2) how the 

coordinates transform between either system and Cartesian 

coordinates, given that 

i« Amh is the axes transformation matrix from m to h, 

ii. Ahc is the axes transformation matrix from h to 

the Cartesian coordinates. 

Now from Equation (b.l), we can write 

T 

[am bm Cm] = [ah bh ch] A^^, 

[ah bh Ch] = [i j k] Aj^^. 

And from Equation (b.3), we can write 

xh 
yh 
zh J 

Xm 
ym 
zm J 

(4c) -̂  

(•%.h) 
- 1 

T .-1 
(*mo) 

X 

y 
•- z -• 

xh 
yh 

L Zh 

X 

y 

(B,4a) 

= (̂ nh) ' •-! (AL)-I 

L Z -• 

'he 

X 

y 
z -• 

(B.4b) 

where (A^c^ "^ = ^^h^ "^ ^̂ ĵ ĉ  "^ ((Amh Ahc)M T^-l 

Since it is more convenient to visualize a crystal 

system in terms of Cartesian coordinates, the above trans

formation is essential in many applications, especially for 
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the case when a crystal system possesses many structural 

phases. Table B.l lists some transformation matrices used by 

the program MUSITE to determine the crystal coordinates in 

reference to the Cartesian system. 

Table B.l Transformation Matrices. 

(1) Hexagonal axes to Rectangular axes: 

acos30 
-acos30 

0 

0 
a 
0 

0 1 
0 
c J 

(2) Rhombohedral axes to hexagonal axes 

2/3 1/3 1/3 
-1/3 1/3 1/3 

L -1/3 -2/3 1/3 J 

(3) axes to hexagonal axes (l2/a -> R3C) 

2/3 -2/3 -1/3 
-1 -1 0 

L 1/3 -1/3 -1/3 J 



APPENDIX C 

COMPUTER CODE DOCUMENTATION 

C.l. Introduction 

The program MUSITE is specifically developed for the 

purpose of determining muon sites in ionic crystal systems. 

The computer codes developed consist of two basic components: 

(a) the construction of a unit cell for a crystal system and 

(b) calculations that require the knowledge of distances 

between a point (x,y,z) and its surrounding ions whose posi

tions can be obtained through the unit cell constructed. The 

unit cell construction approach is to avoid receding programs 

whenever different crystal systems are used for similar kinds 

of calculations. The functions involved in the calculations 

are functions of distance such as dipole, potential, nuclear 

second moment, electric field gradient, etc. In other words, 

the functions used in calculations can be user defined. 

The computer program MUSITE is made up of many modules. 

The modular approach allows users the flexibility to modify 

the program to meet unforeseeable needs. A program oriented 

toward a goal other than finding muon sites can be easily 

created by modifying or reshuffling the modules on which the 

MUSITE is based. 
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In the following sections, the computer environment, the 

basic features of the construction of a unit cell, and the 

program MUSITE will be discussed. 

C 2 . Computer Environments 

The program MUSITE is written in Fortran 7 7 in the VAX 

environment. Some of the features used in the program are 

non-standard Fortran 77, i.e., found only in the VAX Fortran 

77. 

C.2.1. Non-standard Features 

Two of the important nonstandard features are described 

below: 

1) The DO loop is written as 

DO I=nl,n2,nstep 

ENDDO 

rather than 

DO n I=nl,n2,nstep 

• • • 

n continue. 

And sometimes a DO WHILE loop is used instead 

DO WHILE (I.LE.n2) 

ENDDO 
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2) VAX version of Fortran 77 statements such as 

RECORD and STRUCTURE are used for creating a data 

structure that represents a physical unit ceil. This 

is an important feature of the program MUSITE. 

C.2.2. VAX Command Procedures 

Subprograms of MUSITE are compiled and saved in an 

object codes library called MSLIB.OLB. Whenever a change is 

made to a subprogram or a new one is created (except the main 

program), the compiled codes shall be saved in MSLIB and the 

main program shall be relinked, together with MSLIB. The 

procedure is outlined below: (A statement following by a '$' 

is a VAX command line and the small letter word in the com

mand line represents a variable) , 

1. Create or modify a subprogram (source codes). 

$EDIT subprogram.FOR 

2. Compile the subprogram, 

$FORTRAN subprogram.FOR 

3. Save the object subprogram to the object library 

MSLIB, 

$LIBRARY/REPLACE MSLIB subprogram. 

4. Relink the main program (user defined, e.g., 

MUSITE) 

$LINK MUSTIE.OBJ, MSLIB/L 

5. Execute the program interactively, 

$RUN MUSITE.EXE 
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or by a batch mode, 

$SUBMIT/QUEUE=queue_name/LOG=file_name/KEEP 

file.COM. 

Notice that .FOR or .COM is a file name extension used 

by the VAX to represent a file that is a Fortran source or a 

command source, respectively. Also, once a source, say 

PROG.FOR, is compiled, the operation system VMS generates an 

object file named as PROG.OBJ automatically; and if the 

PROG.OBJ is linked, then machine executable code PROG.EXE 

will be produced. 

C.3. Data Structure For a Unit Cell 

The way that a unit cell structure is represented by 

Fortran 77 codes deserves separate treatment. Since most of 

our calculations here require the knowledge of a unit cell 

which contains information such as atomic positions, charges, 

magnetic moments, etc., a consistent way to represent this 

information is very helpful for coding computational problems 

that involve a large set of crystal compounds. Once a 

standard to organize the unit cell data is established, one 

does not need to recede new programs whenever there is a 

switch from one type of crystal structure to the other, or 

from one type of calculation to the other. In computer 

science, the way to treat a group of related items is by 

creating a data structure. A unit cell is a perfect example 

of data structure because any unit ceil can be universally 

http://file.COM
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represented by a name (chemical symbol), the lattice con

stants a,b,c and a collection of atoms each of which has at 

least five attributes: the element name, the position coordi

nates (x,y,z) and the charge q: Na, (0,0,0), +e. The data 

structure designed for this work is shown in Fig. C.l. 

Figure C.l does not exhaust all the possible parameters a 

unit cell can contain; but rather it reflects the 

information relevant for some simple dipolar and potential 

calculations. Tracking a group of related data by the 

conventional standard Fortran 77 can be very frustrating. 

VAX Fortran 77, however, provides a way to define a data 

structure, which is quite similar to that of the C language. 

The statement STRUCTURE allows grouping data of different 

types. For example, the statements 

STRUCTRUE/ATOM/ 

CHARACTER ^̂2 LABEL 

REAL X,Y,Z, Q 

END STRUCTURE 

create a data structure named as ATOM. The ATOM has five 

attributes: LABEL, X,Y,Z,CHARGE. To see how it works, let's 

assign values to the variables, 

ATOM.LABEL = 'Na' 

ATOM.X =0.0 

ATOM.Y =0.5 
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Fig. C.l Representation of the Data Structure of a 
Unit Cell. 
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ATOM.Z = 0.0 

ATOM.CHARGE= 1. 

ATOM is just a name used for the data structure created 

above; but it can be named anything. To generate a unit cell 

which contains 100 atoms, simply use the RECORD statement: 

RECORD/CELL/ATOM(100) 

where CELL is a record and a data structure that contains 100 

ATOMS. If a super structure that represents a crystal system 

is needed: 

STRUCTURE/XTAL/ 

CHARACTER*10 SYMBOL 

REAL 

INTERGER 

a,b, c 

NX,NY,NZ 

RECORD/CELL/ ATOM(100) 

(Name of the crystal) 

(Lattice constants) 

(Size of the lattice) 

(atoms/cell) 

END STRUCTURE 

creates a structure 'XTAL' representing a crystal system. 

Figure C.2 shows the actual data structure designed for the 

use in the program MUSITE. 

The advantage of a data structure is obvious: to refer 

to the charge and the position of the i-th atom in the ceil, 

simply state: XTAL.ATOM(I).CHARGE, XTAL.ATOM(I).X, 

XTAL.ATOM(I) .Y, and XTAL.ATOM(I) .Z. Conventional Fortran 
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STRUCTURE /ATM/ 

CHARACTER *2 ENAME 

REAL X,Y,Z, CHARGE 

UNION 

MAP 

REAL PARMS(5) 

END MAP 

MAP 

REAL P1,P2,P3,P4,P5 

END MAP 

END UNION 

END STRUCTURE 

STRUCTURE/LATTICE/ 

CPiARACTER *10 TITLE 

CHARACTER *2 TAG 

REAL a,b,c,aa,bb,cc,RMX 

REAL Sa,Sb,Sc,S 

INTEGER NX,NY,NZ,NC 

RECORD/ATM/ CELL(10 0) 

END STRUCTURE. 

Fig. C.2 Data Structure of a Unit Cell Constructed in 
Fortran Codes. The statements Union Map...End 
Map...End Union are similar to making P1-P5 
equivalent to array P(5). P1...P5 are reserved for 
unforeseen uses. X,Y,Z represents atomic 
positions; a, b, c the lattice constants; aa, bb, 
cc angles a, (3, yof the axes; Sa, Sb, So spin 
orientations provided that the spin system is 
ferromagnetic or antiferromagnetic; Nx,Ny,Nz 
the size of the crystal considered in the 
calculations (size=2Nx+l * 2Ny+l *2Nz+l cells); 
No numbers of the independent Wyckoff sites in 
the unit cell, TAG is for tagging the unit cell as 
magnetic or structural: 's' for structural, 'm' for 
magnetic. RMX represents the maximum radius of a 
crystal sphere is allowed to built, e,g,, terminate 
a calculation whenever this distance is surpassed. 
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Codes require the management of four arrays in order to 

achieve the same results. 

C.4. MUSITE. The Program 

C.4.1. The Modules of MITSTTE 

Musite is composed of three modules: 1) the unit-cell 

construction module, 2) the calculation module and 3) the 

graphics module. Each of these modules is made up of many 

subprograms. The program modules are to be outlined below, 

C.4.1.1 Unit Cell Construction Module 

CELL INFO 

CELL TRIM 

CELL_CHECK 

CELL VISUAL 

CENTER 

Reads data necessary for constructing the unit 

cell. 

Puts the unit cell in the first quadrant of a 

crystal axes system. 

Echo-prints the unit cell information. 

Prints all atomic positions in a unit cell, 

shared atoms included. This provides a means 

to check the validity of the cell constructed; 

also an excellent way to interface to a 

graphic routine that can display the unit cell 

constructed. 

It is called for centering a unit cell. 
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C.4.1 .? . Calculation Modules 

BDIP 

VI 

V2 

Performs dipole calculations for 

antiferromagnetic structures. 

Performs electrostatic (point charge) 

potential calculations. 

Performs electrostatic dipolar potential 

calculations. 

SECMM 

VM 

INVERSE 

XFORM 

XPOSE 

Performs nuclear second moment calculations 

Performs Morse potential calculations. 

Performs inversion of a 3x3 matrix . 

Performs coordinate transformations. 

Performs transpose of a 3x3 matrix. 

C.4.1.3. Graphic module 

SURPLT 

SITEBOX 

Displays a 3D and the contour plot of a 

surface. 

Displays the muon sites found in a 

rectangular box. 

(These routines are based on the graphics package DISSPLA.) 

C 4 2. F]nw Diagram of MUSITE 

The brief logic flow diagram is show in Fig. 0.3 below: 
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CONSTRUCT A UNIT CELL 

INPUT (X,Y,Z) 

T r a n s f o r m (X,Y,Z) i f n e c e s s a r y 
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Display Plot| 

N 

Fig. C 3 . The Logic Flow of the Program MUSITE 
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C.4.3 Program Execution. 

Before running the program, a data file which contains 

the necessary unit cell parameters must be created first. 

The format of the data entry is described by the subprogram 

CELL_INFO, Musite has two modes, one is for running inter

actively and the other is for batch jobs. 

1. Interactive Mode. 

a. Run the program by typing 

$RUN MUSITE, 

b. When the console prompts: 

DATA FILENAME? 

the user then supplies the appropriate data file 

created for a crystal system, 

c. If device nomination is needed for outputing 

a hardcopy of graphics, the users are normally 

prompted to answer one of the following: 

1. VT240 (displays graphics on Vax terminal vt240) 

2. Laser (creates a graphic file for laser 

printing) 

3. HP (plots graphics on a HP plotter) 

On selecting "1," the user can view graphics on 

screen (if a VT240 or higher graphics terminal, or 

a micro computer with Tektronic 401x emulators is 

used) and has the freedom to rotate 3D plots by 

issuing the desired viewing (spherical) 
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coordinates: phi, theta, and radius origin at the 

center of the plotted object. 

2. Batch mode 

a. A command file MUSITE.COM is created to handle the 

batch job. A typical MUSITE.COM reads like the 

following: 

$ SET DEFAULT default_directory 

$ ASSIGN for015.dat input.dat 

$ ASSIGN for016.dat output_l.dat 

$ ASSIGN for026.dat output_2.dat 

$ RUN MUSITE_BAT.EXE 

MUSITE_BAT.EXE is exactly the same as MUSITE.EXE 

except does not handle console I/O and its input/ 

output is done through reading/writing to files 

specified by the ASSIGN commands in the MUSITE.COM 

listed above. 

b. To submit a batch job, type in the VAX commands 

$ SUBMIT/QUE=batch_queuename/log=logname/KEEP/NOTIFY-

/NOPRINT MUSITE.COM 

http://MUSITE.COM
http://MUSITE.COM
http://MUSITE.COM
http://MUSITE.COM


APPENDIX D 

SOME USEFUL FORMULA 

H U Magnetic Dinole Fif̂ lH 

The dipolar field at position r due to a spin with a 

magnetic moment \i is 

Bdip - ^3 3 ^5 (D.l) 

D t2 Nuclear Second Moment 

The magnetic field distribution at a muon site due to a 

nuclear spin of the same species can be expressed by the 

nuclear 2̂ <̂  moment 

I ^,o 1 2 ,1 + 1, X ^ (l-3cos29m)2 
< AH2 > = J ^^ (-̂ ) ^ ti_ ^^2) 

"in 

where |Llj = 27CYjhI is nuclear moments of the Ith spin species. 

This equation is modified from Equation (3.56) of C.P. 

Slicter's Principle of Magnetic Resonance[561 . 

If a Gaussian is assumed for magnetic field distribu

tion, then the relaxation rate C (see Appendix E) used in the 

^SR method can be related to the nuclear second moment by 

< A H 2 > 
< a >2 

V 
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o r 

< tj2 > = i 2 2 I + l ^ ( l -3cos29 iu )2 I ^iR 

In t h e weak f i e l d l i m i t , E q u a t i o n (D.2) becomei 

<"w> = f < - ^ > = ^ T ^ ^ ^ ? < ^ ) Y SlZ^^2f2Ml 1 "in 

( D . 4 ) 

(This equation is used in the 2̂ ^̂  moment calculation in 

Chapter V.) 

D.3 Ewald's Method 

Ewald[57] has derived a method to evaluate the electro

static energy for ionic crystals 

'E^^^ -̂i , , 47C > "" 4^^' " V ERF(^|Ri - r|) 
<̂̂ =̂ TAJ P ^ X IRi - rl • <D-5) 

Where t, is an adjustable parameter which can be chosen in such 

a way that Equation (D.3) converges rapidly; A is unit cell 

volume; and G and Ri are the reciprocal and direct lattice 

vectors respectively; ERF is the Error function. The main 

characteristic of the Ewald sum is that it contains two 
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separate sums: one in the reciprocal space and the other in 

the real space. 



APPENDIX E 

IJ.SR TECHNIQUES 

E.l. Background 

flSR is an acronym for Muon Spin Rotation, Relaxation, 

Resonance, or in general. Research. Although still in its 

developmental stage, the |J,SR technique has been extensively 

used in the study of condensed matter and chemistry. Both 

positive and negative muons can be used as a probe; however, 

only the positive muon is of interest here. Within the 

context of this dissertation, fXSR means "positive" Muon Spin 

Rotation. The cases of relaxation and resonance[58] not 

within the scope of interest here, will be discussed briefly 

in passing, 

A muon is an elementary particle that belongs to the 

lepton family. It has one ninth the mass of a proton, a 

charge of ±e, a spin of 1/2, and a characteristic lifetime of 

2.2 |ls. Table 1.1 in Chapter I lists the major characteris

tics of a muon. Although a lepton, the muon is treated as a 

light isotope of hydrogen (a proton) by solid-state 

physicists because it behaves like hydrogen in materials. 

Muons are in general produced by large scale facilities 

such as linear accelerators or cyclotrons. The Clinton P, 

Anderson Meson Physics Facility (LAMPF) at Los Alamos 

National Laboratory is one of the few such facilities in the 
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world. In particle accelerators, intermediate energy 

protons, around 600 MeV, are used to bombard light target 

such as beryllium or graphite. This leads to nuclear 

reactions that produce positive pions, 7i+, particles with a 

very short lifetime of 2 6 ns, which in turn decay into muons 

and neutrinos by the process 

71"*"-̂ +̂ + Ve (E.l) 

There are two different types of muon beams, known as 

surface-muon and decay-muon beams. A surface-muon beam is 

produced by pions that are stopped near the surface of the 

production target. The kinetic energy of the resulting decay 

muons is about 4MeV, with spins pointing opposite to the beam 

propagation direction. With such a low kinetic energy, a 

surface beam can be used for probing very thin samples or 

just the surface region. However, a magnetic field above 1,5 

KOe can prevent a surface beam from reaching the sample. 

Surface beams are thus good for zero-field or longitudinal 

field measurements (magnetic field parallel to the beam pro

pagation) which are important for studying dynamic processes, 

A decay-beam originates from pions decaying in flight. 

The polarization of the muon spins can be either forward 

(parallel) or backward (antiparallel) to the original pion 

beam propagation direction. The forward and backward muon 

beams can be magnetically separated and collected in a beam 
0 

channel. The energy of either the forward beam or the 
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backward beam is on the order of 50 to 100 MeV. This energy 

range enables muons to penetrate solids to a depth of a few 

millimeters. The mean lifetime of a muon is 2.2 |is for decay 

into a position and two neutrinos, via the parity violating 

weak interaction. 

(1+ -^ e+ + Ve + Vp. (E,2) 

where V|I and ^e are the muon-type neutrino and electron-type 

anti-neutrinos respectively. The decay positrons are pre

ferentially emitted along the muon spin axis as a result of 

parity violation in weak interaction. The probability of 

positron emission in a particular direction to the spin is 

given by 

W(e) = 1 + ACos(e) (E.3) 

where is 6 the angle between the muon spin and the positron 

emission direction and A is an energy dependent asymmetry. 

If only positrons of maximum energy are detected then A=l; if 

all positron energies are recorded then A=l/3. The effect of 

A is illustrated in Fig. E.l. The maximum kinetic energy of 

the emitted positrons is 52 MeV and the average kinetic 

energy is roughly 35 MeV. The positrons can easily escape 

from the host with such an energy. 
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Fig. E.l Positron Emission Pattern. A=l or 1/3 depends 
on whether only maximum positron energy or all 
possible positron energies are detected. 
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F..? The Muon as a Local Probe 

With kinetic energy ranging from 50-100 MeV, muons can 

be implanted into any material. The deceleration time of the 

implanted muon is estimated to be less than a fraction of a 

ns, much shorter than the muon decay time. During this 

interval, a muon loses most of its energy through collisions 

with host atoms, yet it maintains its spin polarization 

because depolarization due to Coulomb scattering with elec

trons is negligible[59]. The damage during the stopping 

process, i.e., ionizing the host atoms or creating vacancies, 

only occurs in initial penetration, over a length which is 

small compared to the rest of the path for which the host 

suffers no damage. Brice [60] has pointed out that it is not 

likely for muons to visit the created vacancies and thus the 

information sampled by muons is from sites in the undamaged 

host. Eventually, the muon interacts with its host to form 

various kinds of muonic states such as muonium, localization, 

or diffusion, depending on the host material and temperature. 

The muon spends the rest of its lifetime as a spy in the 

host. Because it is spin polarized, it is extremely sensi

tive to the local magnetic field. And because the muon is 

light and charged, it is also sensitive, through diffusion, 

to the dynamics the local environment. Detailed knowledge of 

the angular distribution of decay positions thus carries 

information about the static and dynamic environment experi

enced by the muon while it resided in the interstitial 
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regions of the host lattice. To fully use the muon as a 

probe, it is necessary to understand positron measurement 

techniques and their interpretation. The experimental tech

niques and basic principles are therefore presented in the 

following sections. 

£--2—EKPerlmenta] Ter̂ hr̂ j gnoo 

Several îSR techniques have been developed in the past 

years[61]. The most common ones are: 

1. Time differential |iSR, 

2. Stroboscopic |LlSR, 

3. Pulsed-beam ̂ iSR. 

Since time differential -̂SR is at present the most 

widely used technique and was the method used in the specific 

fiSR experiments relevant to this work, only the time differ

ential ]LlSR will be discussed. In this method only one muon 

at a time is allowed to enter the sample and its decay 

position recorded. Time differential |iSR has two modes: 

transverse and longitudinal. In the transverse mode, the 

external magnetic field is applied perpendicular to the 

muon beam and thus the muon polarization; whereas in the 

longitudinal mode the applied field is parallel to the beam 

and polarization. 
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E.3 1 Transverse Mode 

In the transverse mode, a magnetic field is applied per

pendicular to the muon polarization. |j.SR stands for Muon 

Spin Rotation because the most important feature in the data 

the frequency of the spin precession about the field. Theses 

data also provide information on the spin depolarization or 

relaxation. 

The experimental set-up for transverse field jiSR 

measurements is shown in Fig. E.2. A muon is first slowed 

down by a modulator (water or graphite) to select an appro

priate momentum. It then triggers a particle counter indi

cating an incoming particle, and starts a high frequency 

clock. The muon stops in the targeted sample where it probes 

the local environment before it decays. Then the emitted 

positron triggers a second set of counters and stops the 

clock. The muon decay time is thus registered by the clock. 

These data, for a large number of separate events, are stored 

in the computer memory as a time histogram until a few 

million counts are registered. The logic of the circuitry is 

built in such a way that it registers only one muon event at 

a time and rejects any pile up events, i.e., if a second muon 

comes in within 10 ̂ is after the clock has started, the whole 

event will be rejected. The maximum rate at which such 

events are registered is on the order of ten thousand muons 

per second. 
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In the absence of any perturbation, such as parity 

violation in weak interactions or the presence of an external 

magnetic field, the time histogram of position counts is 

given by the conventional decay law 

N(t) = NoEXP(-t/X) (E,4) 

where N is the positron count and X the mean muon lifetime. 

In the presence of a magnetic field, as in the transverse 

mode, the stopped muon precesses with the Larmor frequency 

C0= ŷ  B, (E,5) 

where yp.is the muon gyromagnetic ratio given in Table 1,1. 

As a consequence, the positron emission probability W(0) 

rotates with the muon spin and modulates the position time 

histogram as 

N(t) = NoEXP(-t/X) [1 + ACos(a)t+0)] (E.6) 

where O is the phase angle between the initial muon polariza

tion and the positron counter. Such a time histogram is 

illustrated in Fig, E.3. The modulation is observed as 

"nations in the curve. Equation (E,6) is true if al 

implanted sense the same magnetic field; however, t 

oed muon is influenced by the local B-field originatin 

the host as well as any external field. For example, in 

etic oxides, suppose that B is an externally appli ' 
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he 
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field, the magnetic field due to the ionic dipole moments is 

superimposed on B, muons located at different sites may see a 

different total magnetic field. As a result, one observes 

progressive dephasing of muon spin populations or spin 

depolarization. This is observed as a damped oscillation in 

the positron histogram as shown in Fig. E.3. To include the 

depolarization effect, the cosine term in the above equation 

must be replaced by Fourier transform in the frequency 

domain. With this in mind, the equation above become 

N(t) = NQEXP (-t/X) [1 + AGx(t)Cos (COt+O) ] + BG (E.7) 

where Gx(t) is the depolarization function and BG is the 

background. 

The depolarization function could be both static and 

dynamic in origin. Dynamic depolarization means the magnetic 

environment fluctuates faster than the muon lifetime. 

According to the theory developed by Anderson[62], Kubo and 

Tomita [63], and Abragam[64] the depolarization function 

assumes the two possible forms: 

1. Gaussian form (static case): 

Gx(t) = EXP(-at2/2) , (E,8) 

2 Lorentz form (dynamic case): 

G^(t) = EXP(-t/T2) . (E.9) 

where 
A is related to the width of a random field 
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distribution and T2 is the transverse relaxation time related 

to the fluctuation rate. 

When there is no external magnetic field (zero-field) 

or when the external field is applied parallel to the initial 

muon polarization then |ISR stands Muon Spin Relaxation. 

E.3 .2. Zero-Field and Longitudinal Mode 

Unless magnetic materials are used, the Larmor frequency 

is not measured because there is no precession. The experi

mental set-up is the same as Fig. E.2, except the positron 

counters are placed on each side of the sample, along the 

original muon spin direction. The time evolution of the 

number of positrons detected is then 

N(t) = NQEXP (-t/X) [1 + AGzCos«|))] (E.IO) 

with (|)=0 or 180. The Gz(t) describes the longitudinal or 

spin-lattice relaxation of the muon, in analogy to Ti in NMR. 

In short, analysis of time-differential |XSR data 

consists of extracting relevant properties of time-dependent 

muo 
n polarization. This includes one or more frequencies, 

initial phase angles, initial asymmetry and relaxation rate. 




