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ABSTRACT 

The behavior of muons in the antiferromagnetic insula

ting oxides, a-Fe203 sirid V2O3 has been examined using dipole 

field calculations. The results verify muon sites suggested 

by potential calculations for hydrogen in similar systems, 

and imply the formation of muon-oxygen bonds at low tempera

tures. In both of these corundum structured oxides two sets 

of muon sites are located, each approximately lA from an 

oxygen ion. These are the Rodriguez sites in the vacant oc

tahedral interstices of the oxygen ions and the Bates sites 

near the oxygen basal plane. Only a subset of sites found 

in a-Fe203are also found V2O3 because of a slight distortion 

of V2O3 from rhombohedral to monoclinic symmetry below the 

metal-insulator temperature at 155K. 

Above 350K, muons diffuse globally and no MuSR preces

sion signal is observed. At intermediate temperatures, be

tween 120K and 350K, muons diffuse locally as illustrated in 

the case of a-Fe203. Calculations show that diffusion among 

a subset of sites is consistent with the data in this temp

erature range. It is concluded that muon-oxygen bonding and 

motion among a group of closely spaced sites are the low 

temperature localized states for muons in the corundum 

structured oxides. 
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CHAPTER I 

INTRODUCTION 

The use of muons as a probe for condensed matter was 

first conceived of by Garwin, Lederman and Weinrich in 

1957. Their idea eventually evolved into the experimental 

technique known as Muon Spin Rotation (or MuSR). Soon after 

the establishment of several so-called meson-factories (par

ticle accelerators) worldwide in the 70's, MuSR has progres

sively moved into the developing stage that yields very 
2 

fruitful results in a wide variety of research, covering 

disciplines such as solid-states physics, chemistry, and bi

ology. 

The muon is a light particle that can be implanted into 

practically any kind of condensed matter. In solids, a muon 

can be used as a probe to sample information in the inter

stitial sites. This can not be done by other conventional 

spin probes such as Nuclear Magnetic Resonance (NMR), Elec

tron Spin Resonance (ESR), Mossbauer Effect Spectroscopy 

(MES), and Perturbed Angular Correlation (PAC), all of which 

sample substitutional sites. MuSR acts as a complement and, 

in many situations, an extension to these probes. 

Before the muon can be effectively utilized as a 

condensed-matter probe, its behavior in condensed matter 



must be fully understood. At present, several muonic 

states4 have been identified. 

1. A Localized interstitial impurity (u*) state; 

2. A rapidly diffusing impurity (ii"*") state; 

3. An atomic state (muonium). 

At low temperatures, muons tend to localize in interstices 

of the host material. Information about the local static or 

dynamic magnetic field can be obtained during the localiza

tion of the muons. The local static field is related to the 

spatial distribution of electronic (or nuclear) spins and 

charge, while the dynamic field is related to the fluctu

ations of the electronic (or nuclear) spins. 

At higher temperatures muons are found to diffuse or 

hop from one localized site to another, in analogy to dif

fusion of hydrogen in matter. A muon, with a much lighter 

mass than hydrogen, makes an excellent probe for studying 

the formation and properties of localized states versus ex

tended states of a light particle in condensed matter. As a 

consequence, muons will be useful for studying impurity 

states and diffusion problems in materials. Most of the re

cent work on this aspect has been done in metals. 

A muon can capture an electron from the host and form a 

bound state, called muonium. Muonium is found to exist in a 

few insulators and most semiconducting materials such as 



quartz, diamond, and germanium. The localized states and 

extended states of muonium have been studied extensively. 

Most of the early experiments were designed to under

stand the behavior of muons in various materials, from metal 

to semiconductor to organic compounds. More recently MuSR 

has been applied to specific problems in condensed matter 

physics, with special emphasis on magnetic systems. Since 

muons can be spin polarized when they are implanted, they 

are extremely sensitive to local magnetic fields. Magnetic 

materials are therefore a logical target for MuSR experi

ments. Recent resultŝ '-̂ ^ of MuSR work in oxides have sug

gested that muons form bonds with oxygen ions, in analogy to 

hydrogen bonding. A very recent MuSR experiment on fluoride 

13 compounds reports the formation of muon-fluorine bonds. "̂  

One may be tempted to generalize that muons probably form 

hydrogen-like bonds with high ionicity anions in materials 

such as fluorides and oxides. 

The purpose of this work is, however, to concentrate on 

the idea of muoxyl bonding as a common muonic state in ox

ides. The materials under study are, in particular, the an-

tiferromagnetic oxides a-Fe203 and V2O3. The first part of 

the work is to investigate further the suggestion of local 

muon diffusion in a-Fe203 in the intermediate temperature 

range (120K-400K). According to the earlier work,' muons 
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are found to exhibit localization, local diffusion, and 

global diffusion as a function of temperature. Ruegg, 

Boekema, and Hofmann^ suggest that the localization is due 

to the formation of muon-oxygen bonds at lower temperatures 

and that the local motion is due to short range hopping of 

muons among neighboring sites. In the case of global dif

fusion muons migrate throughout the crystal, due to the 

large thermal agitation, so rapidly that the MuSR signals 

become excessively broadened. 

The second part of the work is to locate the muon stop

ping sites in V2O3. Since V2O3 has the same basic crystal 

structure as a-Fe203 the formation of a u-0 bond is expected 

to occur. Below 155K, however, V2O3 distorts slightly from 

the corundum structure into the monoclinic structure. V2O3 

is of interest for two reasons: (a) it posseses a unique 

metal-to-insulator transitionl4 at 155K, and (b) its inter

nal field is predominantly dipolar in origin. The internal 

field of a magnetic oxide is in general a combination of the 

dipolar and transferred hyperfine fields. The dipolar field 

is simple and straight forward to calculate, but there is no 

satisfactory model for computing transferred hyperfine 

fields in these oxides and the calculation is in general 

very complex. An oxide, such as V2O3, with an internal 

field that is almost purely dipolar means a great reduction 



in calculational complexity, and yet it does not hinder 

physical insight into muon behavior in the oxide, particu

larly the formation of U~0 bonds. As the major part of this 

work, a calculation using a sum of dipolar fields was per

formed for V2O3 to determine the muon sites. 

Once the muon sites have been correctly identified, 

muons can be used as a probe for studying the static and dy

namic properties of these oxides. A good example of the 

application of such knowledge is to perform MuSR experiments 

using vanadium oxides doped with titanium or chromium, i.e., 

^Vi-xCrx)203 or (Vi_xTix.) 2^3. They are both materials that 

possesses a metal-to-insulator transition. The titanium 

doped vanadium oxide is also a spin-glass. The chemical en

vironments of the doped or pure vanadium oxides are basical

ly the same, but the local static or dynamic field could be 

quite different. Thus the knowledge of the muon sites found 

in V2O3 can be used, through the comparison of the muon re

laxation data on the same general sites, to identify the 

various mechanisms that give raise to the difference in the 

observed relaxation rates for pure and doped V2O3. 



CHAPTER II 

MuSR TECHNIQUES 

Background 

MuSR is an acronym for Muon Spin Rotation, Relaxation, 

Resonance, or in general, Research. Although still in its 

developmental stage, the MuSR technique has been extensively 

used in the study of condensed matter and chemistry. Both 

positive and negative muons can be used as a probe; how

ever, only the positive muon is of interest here. Within 

the context of this thesis, MuSR means "positive" Muon Spin 

Rotation. The cases of relaxation and resonance^^'^^ 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 MS. Table 1 lists the major characteristics of a 

muon. Although a lepton, the muon is treated as a light 

isotope of hydrogen (a proton) by solid-state physicists be

cause it behaves like hydrogen in materials. 

Muons are in general produced by large scale facilities 

such as linear accelerators or cyclotrons. The Clinton P. 



TABLE 1 

Selected Properties of Muons 

Mass 106 MeV 
207 rap 

0.113 mp 

MS Life Time 2.197 
Magnetic Moment 4.49E-26 J/T 

3.318 p-j 
g-factor 2.00234 ^ 
Gyromagnetic ratio 13.5537 MHz/kOe 

Anderson Meson Physics Facility (LAMPF) at Los Alamos 

National Laboratory is one of the few such facilities in the 

world. In particle accelerators, intermediate energy pro

tons, around 600 MeV, are used to bombard light targets such 

as beryllium or graphite. This leads to nuclear reactions 

that produce positive pions, IT"*" , particles with a very short 

lifetime of 26 ns, which in turn decay into muons and neu

trinos by the process 

TT+ - u"" + ^e ^2.1) 

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 
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production target. The kinetic energy of the resulting 

decay muons is about 4 MeV, with spins pointing opposite to 

the beam propagation direction. With such a low kinetic en

ergy, a surface beam can be used for probing very thin sam

ples 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 long

itudinal field measurements (magnetic field parallel to the 

beam propagation) 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 

channel. The energy of either the forward beam or the back

ward 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 us for de

cay into a positron and two neutrinos, via the parity vio

lating weak interaction, 

y+ ^ e* + Ve + vu (2.2) 



where vu and "vg are the muon-type neutrino and electron-type 

anti-neutrinos respectively. The decay positrons are 

preferentially emitted along the muon spin axis as a result 

of parity violation in weak interactions. The probability 

of positron emission in a particular direction to the spin 

is given by 

W(0) = 1 + ACos(e) (2.3) 

where 9 is 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 figure 2.1. 

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. 

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 muons 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 its energy through collisions 
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with host atoms, yet it maintains its spin polarization 

because depolarization due to Coulomb scattering with elec

trons is negligible.-^^ The damage done during the stopping 

process, i.e., ionizing the host atoms or creating vacan

cies, 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-'-̂  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 sensitive to the local magnetic field. And be

cause the muon is light and charged, it is also sensitive, 

through diffusion, to the dynamics of the local environment. 

Detailed knowledge of the angular distribution of decay 

positrons thus carries information about the local static 

and dynamic environment experienced by the muon while it re

sided in the interstitial 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 techniques and basic principles are 

therefore presented in the following sections. 
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Experimental Techniques 

Several MuSR techniques have been developed in the past 

years.-^^ The most common ones are: 

1. Time differential MuSR, 

2. Stroboscopic MuSR, 

3. Pulsed-beam MuSR. 

Since time differential MuSR is at present the most widely 

used technique and was the method used in the specific MuSR 

experiments relevant to this work, only the time differen

tial MuSR will be discussed. In this method only one muon 

at a time is allowed to enter the sample and its decay 

positron recorded. Time differential MuSR 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 longi

tudinal mode the applied field is parallel to the beam and 

polarization. 

Transverse Mode 

In the transverse mode, a magnetic field is applied 

perpendicular to the muon polarization. MuSR stands for 

Muon Spin Rotation because the most important feature in the 

data is the frequency of the spin precession about the 

field. These data also provide information on the spin 

depolarization or relaxation. 
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The experimental set-up for transverse field MuSR 

measurements is shown in figure 2.2. 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 cir

cuitry 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 us 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. 

In the absence of any perturbation, such as parity vio

lation in weak interactions or the presence of an external 

magnetic field, the time histogram of positron counts is 

given by the conventional decay law 

N(t) = NoEXP(-t/T) (2.4) 
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where N is the positron count and T the mean muon lifetime. 

In the presence of a magnetic field, as in the transverse 

mode, the stopped muon precesses with the Larmor frequency 

" = ^ « (2.5) 

where r is the gyromagnetic ratio given in Table 1. As a 

consequence, the positron emission probability W O ) rotates 

with the muon spin and modulates the positron time histogram 

as 

N(t) = NoEXP(-t/T)(l + ACos(a)t+(())) (2.6) 

where ^ is the phase angle between the initial muon polari

zation and the positron counter. Such a time histogram is 

illustrated in figure 2.3. The modulation is observed as 

oscillations in the curve. Equation (2.6) is true if all 

muons implanted sense the same magnetic field; however, the 

stopped muon is influenced by the local B-field originating 

in the host as well as any external field. For example, in 

magnetic oxides, suppose that the B is an externally applied 

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 
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the positron histogram as shown in figure 2.3. To include 

the depolarization effect, the cosine term in the above 

equation must be replaced by a Fourier transform in the fre

quency domain. With this in mind, the equation above 

becomes 

N(t)= NoEXP(-t/T)(l + AGx(t)Cos(u)t + (t>)) + BG (2.7) 

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 life

time. According to the theory developed by Anderson,^^ Kubo 

and Tomita,^^ and Abragam^^ the depolarization function as

sumes the two possible forms: 

1. Gaussian form (static case): 

Gx(t) = EXP(-at2/2) (2.8) 

2. Lorentz form (dynamic case): 

Gx(t) = EXP(-t/T2) (2.9) 

where A is related to the width of a random field 

distribution and T2 is the transverse relaxation time 

related to the fluctuation rate. 
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Zero-Field and Longitudinal Mode 

When there is no external magnetic field (zero-field) 

or when the external field is applied parallel to the ini

tial muon polarization then MuSR stands for Muon Spin Relax

ation. Unless magnetic materials are used, the Larmor fre

quency is not measured because there is no precession. The 

experimental set-up is the same as figure 2.2, 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) = NoEXP(-t/T)(l + AGzCos(4>)) (2.10) 

with 4> =0 or 180 . The Gz(t) describes the longitudinal or 

spin-lattice relaxation of the muon, in analogy to T]^ in 

NMR. 

In short, analysis of time-differential MuSR data con

sists of extracting relevant properties of time-dependent 

muon polarization. This includes one or more frequencies, 

initial phase angles, initial asymmetry and relaxation rate. 
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MuSR Applied to Antiferromaqnetic 

Oxides 

The antiferromagnetic, corundum structured oxides 

a-Fe203 and V2O3 were selected for this study. Once the 

muons have entered the magnetic oxides, they become thermal-

ized and begin to settle down in low energy interstitial 

sites at low temperatures. They then precess according to 

the magnetic field at these local sites. Because the muons 

are positively charged, they prefer to stay close to the 

oxygen ions and away from the cations. Muons then end up in 

interstitial sites near oxygen. More than one site is pos

sible for this kind of localization. At higher tempera

tures, normally above 120K, the muons gain enough thermal 

energy to diffuse form site to site within a small local re

gion. At even higher temperatures, global diffusion occurs 

due to random hopping from one local region to another. 

The difficulty lies in the determination of the muon 

sites in a precise manner. Once the muon sites are pin

pointed correctly, muons can be used as a probe to study the 

origins of the magnetic fields, and the static and dynamic 

properties of the oxides. Up to now, about a dozen oxides 

have been studied using the MuSR method. 

The emphasis of this work is to use magnetic field 

calculations and the experimental data to determine the muon 
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sites and to study the local diffusion among neighboring 

muon sites. Although the muon sites can be determined using 

potential energy calculation, it is far easier, because of 

computational complexity, to use magnetic field calculation. 

Even so, the calculation can be quite complex. If one exam

ines its origins, the local magnetic field is given by 

^loc = B^ip + Bcov "̂  Bext (2.11) 

where Bdip is the dipolar field due to the magnetic ions, 

Bcov is the hyperfine exchange field due to the unpaired 

electron spin density at a muon site because of the covalent 

bonding, and the Bext is any externally applied field. The 

formalism for calculation of Bdip and Bcov can be found in 

many standrd texts and monographs.''*^ 

The transferred hyperfine field is due to the transfer 

of the spin density from the 3d-electrons to the u via an 

oxygen atom. Since the Fê "*" ion of a-Fe203 has five 

3d-electrons and sigma bonding is involved in the transfer, 

Bcov is quite significant. •'•̂  For V2O3, however, the V^* ion 

has two 3d-electron and thus only the pi bonding is involved 

in the exchange process, which gives a very small Bcov. In 

other words, Bdip in V2O3 is predominant. Because of the 

lack of accurate models in calculating transferred hyperfine 

fields in oxides, any computation involving Bcov becomes a 
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hindrance to the determination of the muon sites. By using 

V2O3 one can avoid the mathematical complexity and investi

gate the muon behavior in a clear-cut manner, since only the 

dipolar field is important. 



CHAPTER III 

PROPERTIES OF a-Fe203 AND V2O3 

General Properties 

The two materials chosen are quite similar in their 

structures and thus in electrostatic environments within 

which a muon resides. The arrangement of the magnetic ions, 

though both antiferromagnetic, are somewhat different. 

The crystal structure of a-Fe203 is the hexagonal 

corundum structure of a-Al203.24 oi-Fe203 is an antiferro

magnetic insulator below the Neel temperature of 963K. 

There is a spin reorientation transition at the Morin temp

erature of Tjn=263K. Below T^ the spins are aligned parallel 

and antiparallel to the c-axis. Above the transition, the 

spins flip 90 and become perpendicular to the c-axis. 

Also, above 263K, a-Fe203 exhibits a weak and parasitic 

paramagnetism all the way up to the Neel temperature. 

V2O3 is an antiferromagnetic insulator at temperatures 

below 155K and is metallic at higher temperatures. In the 

metallic phase, V2O3 has the same crystal structure as that 

of o-Fe203; but becomes monoclinic in the low temperature 

insulating phase. The phase change involves only a slight 

distortion in crystal structure,^^ although the electrical 

properties change dramatically. 

22 
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Crystal Structures and Magnetic 
Order 

Knowing the crystal structure of V2O3 and a-Fe203 (both 

the atomic and magnetic order) is crucial to the study of 

muonic behavior inside the crystal. A detailed account of 

the structures is given below. 

The two oxides a-Fe203 and V2O3 are more or less iso-

structural (corundum) if the small distortion of V2O3 at 

lower temperatures is ignored. For the purpose of dipolar 

calculations, the major part of this work, the corundum 

structure is sufficient. Therefore, only the corundum 

structure will be discussed here. Some important crystallo-

graphic information for the oxides is listed in table 2. 

The rhombohedral unit cell for the corundum structure 

is shown in figure 3.1. The axis of symmetry coincides with 

the c-axis, and the magnetic ions are arranged in chains 

along the c-axis. The magnetic order for a-Fe203 and V2O3 

are shown in figure 3.1(b)-(d). There are two possible 

magnetic structures of a-Fe203 corresponding to the two 

magnetic phases with the iron magnetic moments making an an-

gle of either ±90 or 0 and 180 with respect to the c-axis. 

In V2O3, below 155K, vanadium moments lie in the monoclinic 

26 * 
planes. Each vanadium moment makes an angle of +/- 71 

w ith the c-axis. Vanadium moments contained in each of the 



TABLE 2 

Corundum Structure 

24 

General formula: M2O3, e.g., a-Al203, a-Fe203, V2O3. 

Lattice: Rhombohedral (hexagonal) unit cell 

Space group: RTC 

Number of formula per unit cell: 6 

Lattice constants: 

(1) Hexagonal 
cell a 

b 

(2) Rhombohedral 
cell a 

a 

a-Fe203 

5.04 
13.749 

5.42 
55*̂  17' 

Magnetic moments: 5 U B 

Normalized atomic positions: 

Metal ions: 

Oxygen ions: 

a 
0 
0 
0 
0 

-V 
-V 
0 
V 
0 

0 
0 
0 
0 

0 
0 
V 
V 

-V 

c . 
w 

-w 
1/2+w 
1/2-wJ 

0^ 
0 

1/2 
1/2 
1/2 

V2O3 

4.99 
14.002 

5.48 
54** 11' 

1.21UB 

(A) 
(A) 

ik) 

' 0 
1/3 
2/3 

0 
2/3 
1/3 

0 
2/3 
1/3 

0 
1/3 
2/3 

0 
2/3 
1/3 

0 
2/3 
1/3 

w= 0.015 and 0.095, 
v= 0.315 and 0.300 for a-Fe203 and V2O3 respectively. 
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planes are in the same direction, but the direction of 

moments in the adjacent planes are reversed. 

Since a magnetic dipole calculation concerns only the 

magnetic ordering, it is of more interest to examine only 

the magnetic ions in the crystals. The anions (oxygen) are 

arranged in a slightly distorted hexagonal closed packing. 

The cations occupy two thirds of the octahedral inter-

stitials of the anions. The packing of ions is shown in 

figure 3.2. This suggests that the magnetic ions can be 

represented in a hexagonal basis, which aids in the visuali

zation of the structure a great deal. In figure 3.3, the 

atomic positions and magnetic ordering of the metal ions are 

singled out and displayed in the hexagonal unit cell. 

a-Fe203 is now clearly seen to be antiferromagnetic along 

the c-axis, while V2O3 is antiferromagnetic along the hex

agonal (110) direction. The magnetic dipole moments of the 

iron and vanadium ion ion are 5.0 and 1.2 Bohr magnetons re

spectively. 
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Figure 3.2: The Packings of Corundum Structure. 
The trivalent magnetic ions occupy 2/3 of the octahedral 
interstices of the oxygen ions. 
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Figure 3.3: Hexagonal Cell for Magnetic Ions. 
(A) The Fp3+ maqnetic moments in a-Fe203 ions are 
paranel/antipa?allel to the.c-axis. Spins flip to become 
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MuSR data for a-Fe203 and V2O3 

As described in Chapter two, once implanted into the 

oxides, muons quickly become thermalized and localize at po

tential minima, where they precess according to the local 

magnetic fields. The count rates of decay positrons for a 

specific direction (equation 2.7) then yield the information 

on the local field and the relaxation rate. A fit of the 

data to equation 2.7 gives raise to two important parame

ters: the precession frequency w, and the relaxation func

tion, Gx(t) or Gz(t). The former is related to the strength 

of the local magnetic field, while the later reveals either 

motion of the muons or spin fluctuations of the host. The 

internal magnetic field strength versus temperature for 

a-Fe203 and V2O3 are depicted in figure 3.4 and 3.5 respec

tively. Additional information of internal field versus ex

ternal field for V2O3 is also presented in figure 3.5. The 

relaxation rate versus temperature of the two oxides is 

shown in figure 3.6. 

The first MuSR experiment on a-Fe203 was done in 1977 

at the Swiss Institute for Nuclear Research (SIN) using a 

powdered sample, a natural and a synthetic single-crystal. 

The V2O3 MuSR experiment was performed at LAMPF of Los 

Alamos National Laboratory in 1983, using a synthestic 

crystal of 3cm in diameter. The detailed interpretation of 

these data will follow in the next two chapters. 



30 

CD 

T" 

(9^) ai3id 
^ CO f CO 

T 
lO 

or—I 

CMUJ 
q> - J O 

I ZLiJ 

o ^ 
OJ 

O 
rO 
CO 

• ^ ^ 

o 
o 

o o 

UJ 

o 
CVJ 

^?i I 

o 
o 

o O O O Q 
^ CVJ 

(ZHIAJ) A0N3n03dd 

o 
CD 

O 

m 
O 
CN 
0) 

&4 
I 

Ul 

o 

<0 
+J 
fO 
Q 

E H 
U 
c 

cr 
u 

E L . 

Di 
C/3 
P 
2 

CO 

S-i 

p 



31 

H 
Q) 

•H 

cd 

CD 
-P ' 
X 

CQ 

> 

- '-0 

o 
rJ 

o 
CD 
CVJ 

O 
^ 
C\J 

O 
O 
CVJ 

o 
U3 
" • • 

o 
CVJ 

O 
GO 

o 
V 

(ZHIAI)/I 

ro 
O 

o 
o 
o 
CVJ 

l!2 

/ 

o 
d 
CM 

4 
/ 

I 

I 

I 
I 
I 

I 
I 

_JI 

o 

LLI 
CC 
ID 

< 
cr 
UJ 
QL 

UJ 

o 
d 

o 
d 

o 
in 

o 
d 

CD 
• H 

cti 

^^ 
Q) 

-P 

W\N)^ 

,̂ -̂  
• 

u
re

 
sm

p
er

at
 

EH 

. 
CO 

> 

> 5 

o 
^ 
(D 
3 
cr' 
CD 
U 

fe 

ro 
O 
( N 
> 

U 
0 

^-1 

fO 

D
at

 
q

u
en

cy
 

0) 
t-i 
pL, 

p 
2 

• • 
ir> 

* 
ro 

(U 
u 
P 
CJt 

• r-l 

Eu 



32 

ro 
O 1 • — H 

> — • « 

» — • » 

h • — 4 

o 

O —' 
d ^ 

UJ 
cr 
D 

cr 
u 
Q. 

1—•—I 

g 
UJ 

o O o O o 
fO 

o 
cvi 

O 

b 
( s n ) 3:iBH uoxriBXBxaH 

C-r-sn) 9 : ;BH UOTIJBXBXSH 

ro 
O 
fN 

> 

C 
(0 

ro 
O 
CN 
(U 
Du 
I 

O 

•(-> 

(0 
Q 

c 
o 

-ft 
4-> 
(0 
X 
(Q 

rH 

ro 

0) 
Ul 

P 

[ i . 



CHAPTER IV 

MUON LOCALIZATION AND LOCAL MOTION 
IN a-Fe203 

Data Analysis 

The MuSR data for a-Fe203 (frequencies and relaxation 

rate versus temperatures under zero external magnetic field) 

are shown in figure 3.4 and 3.6 respectively. The data can 

be divided into three parts as follows. 

1. At temperatures below 120K there are three frequen

cies observed, while the relaxation rate which peaks at 120K 

begins to level off as the temperature drops. 

2. Between 120K and 250K, only one frequency exists 

and the relaxation rate decreases as the temperature in

creases. 

3. At 250K, the frequency drops abruptly by almost 

half of its value (2.15:1), then it follows the magnetiza

tion curve until 500K; beyond 500K no signal is observed. 

The almost 2:1 ratio indicates that the local magnetic field 

at muon sites are predominantly dipolar because only dipoles 

exhibit such a property. The relaxation rate starts to 

climb rapidly after 400K until the signal disappears. 

Ruegg^'® has pointed out that, based on relaxation rate 

data, the activation energies are 0.1, 0.31, and 0.58eV for 

33 
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temperatures below 120K, between 130K and 250K, and between 

350K and 963K respectively. Interpretation of these signals 

in terms of the muon behavior in the three temperature 

ranges will be discussed in more detail in the following. 

Static Localization 

The splitting at lower temperatures (<120K) is a clear 

indication of localization of muons, i.e., muons are trapped 

in three different sites, each with its own local magnetic 

environment. Since a muon can be treated as a light isotope 

of hydrogen, the electrostatic potential energy calculation 

27 28 
for hydrogen bonding ' in the corundum oxides (a-Al203) 

can be readily employed to explain the muon localization. 

According to potential models, there are two possible types 

of muon stopping sites, the so-called Rodriguez (R) sites 

and the Bates (B) sites. The B sites include three differ

ent points around an oxygen ion, labeled as 'b', 'a"*"', and 

'a~' for sites that lie on, above, and below the basal plane 

respectively as shown in figure 4.1. 

The R sites are located at octahedral interstices of 

the oxygen ions which are not occupied by a cation. There 

are six R sites in each R center, with three of them lying 

above and three below the reflection plane through the 

inversion center of a rhombohedral cell. (see figure 3.1.) 
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Each of the six sites is in fact attached to a separate 

oxygen ion. The distance between a site and an oxygen ion 

is approximately lA,^^ consistent with muon-oxygen bonding. 

Boekema, Riiegg, and Ho fmann^^, under took a different 

path to verify that the so-called Bates and Rodriguez sites 

are indeed the muon stopping sites as predicted by the po

tential models. The scheme employed to verify the muon 

stopping sites is summarized below. Since the magnetic 

field sensed by a localized muon is given by equation 2.11 

as 

Bloc ~ Bc[ip + Bcov ••" Bext 

then for two different types of ordering of magnetic dipole 

moments, below and above T^^, the local field at muon sites 

can be expressed as 

Bu"̂ = (Bdip,x' ^dlP,Y' Bdip^zBcov,z)"^ (4.1a) 

B^"= (Bdip,x+Bcov,X' Bdip,yr Bdip^z) (4.1b) 

where "+", "-" means the B-field for spin structure at tem

peratures below and above T^ respectively. The fact that 

the magnitude of the covalent contribution is expected on 

the theoretical ground to be independent of spin structure 

requires that 

Bcov,x^s) - Bcov, (s)"- (4.2) 
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Using experimental values of By, from both spin 

configurations, extrapolated to T==Ok (15.68, 7.4kOe respec

tively), a search algorithm based on equation 2.11 was used 

to search for the muon stopping sites. The major steps in

volved are listed in the following: 

1. Assuming T=0 pick a position 's' and evaluate 

Bdip(s) due to the surrounding ions (a Lorentz sphere of 7A 

is used) using either one of the spin structures. 

2. Evaluate the square of IBcovI where 

IBcovI= iBextrapolated ~ Bdipl (4.3) 

3. Repeat (1-2) for the second spin structure. 

4. If Equation 4.2 holds for both spin structures, 

then 's' is the site. 

The results obtained by Boekema et al., using the above 

scheme are tabulated in Table 3. In this method, two of the 

R sites predicted by the potential models are reproduced 

within 0.05A and all B sites are within 0.2A. 

Though not all sites predicted by the potential models 

are found using this method; it is important to realize 

that it yields muon sites independently. In other words, 

the potential models used for hydrogen bonding in a-Al203 

are also valid for muon bonding in a-Fe203 . 
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TABLE 3 

Local Field at Muon-Sites for a-Fe203 

|Bdip|(T<Tm) |Bdipl(T>Tm) iBcovl 
(kOe) (kOe) (kOe) 

Rodriguez 
sites 21 5.7 4 

Bates (b) 3,6.5 4 11 
sites (a*) 5-8 14,19 20 

Local Motion 

The merging of the three low temperature frequencies at 

120K is accompanied by a jump in the relaxation rate, indi

cating the three inequivalent sites are unstable. Above 

120K, while a single frequency signal is observed until 400K 

before the signal vanishes, the relaxation rate decreases 

until 350K and climbs after 400K. Since no global diffusion 

is observed between 120K and 400K, the sole frequency signal 

must be originating from a different type of localization, 

possibly from a hopping among neighboring sites within a 

small region. 

Muons diffusing locally is a reasonable consideration 

because the activation energy at the intermediate 
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temperature range is higher than the that of lower 

temperature range. If muons diffuse locally, they must dif

fuse either within the Rodriguez region alone or the Bates 

region alone; otherwise, global diffusion will take place. 

In the Bates regions, there are several possible dif

fusion paths: (1) a path starting from b to a"̂  to a" and 

back to b, surrounded by three oxygen ions; (2) a path that 

contains b, a"̂ , and a" of a single oxygen ion; (3) a path 

that connects a random selection of Bates sites belonging to 

more than one oxygen. A closer scrutinization shows that 

path (2) is electrostatically unfavorable because each oxy

gen is tetrahedrally attached to four cations and diffusion 

around an oxygen ion requires closer encounters with the ca

tions, yielding a large barrier. As a consequence, path (3) 

can also be ruled out. A hopping path surrounded by the 

three oxygen ions was constructed and the averaged field 

calculated, but did not reproduce the measured values. 

In the Rodriguez centers, muons can hop locally in ei

ther plane that contains three stopping sites shown in fig

ure 4.1 or hop randomly among the six sites. The random 

diffusion among all six sites can be ruled out because the 

inherent inversion symmetry will cause the muon frequency to 

become zero, but this is not observed. The diffusion of 

muons in either of the planes that contain three stopping 
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sites is energetically more favorable because they are 

basically surrounded by six oxygen ions and are sealed off 

from the cations. A diffusion path for each of the two R-

planes was constructed and the calculated averaged fields 

are in good agreement with the experimental values. 

Because the actual diffusion path for muons in the 

corundum oxides is not known at this point, a circular path 

was constructed as a first approximation. The choice of a 

circular path can be supported by the fact that the R sites 

have higher symmetry (an inversion center and a three-fold 

axis) and that all three R sites on a R-plane lie almost on 

the circumference of the circle so constructed that it cen

ters at the symmetry axis. The average of the dipolar 

magnetic field for the circular path are shown as follows: 

1. For the low temperature phase with the spins anti-

ferromagnetically aligned along the z-axis, 

Bave = ( 0, 0, 20.4 ) kOe, T<Tm; 

2. for the high temperature phase with the spins 

aligned antiferromagnetically along the x-axis, 

Bave = ( 10.2, 0, 0 ) kOe, T>Tm. 
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Due to the combined effects of the symmetry and the 

circular path chosen on a z-plane, only one component sur

vives for each case. For example, at every point (x,y) on 

the circumference there is a dipole field of (Bx, By, B^), 

but the symmetry demands that at the point (-x,-y) there is 

a field (-Bx, -By, 83). The averaged field strength over 

the above circular path yields a 2:1 ratio for the two spin 

configurations. This is a direct consequence of dipole 

field properties. This fact can be appreciated by consider

ing the field at a point a distance d away from a dipole 

whose spin points (a) toward the point and (b) perpendicular 

to the point position. 

The observed fields below and above T^ are 7.3 and 15.5 

kOe respectively. The covalent field is expected to be 

around 4kOe for Rodriguez sites from Boekema's results as 

listed in table 3. The discrepancy between the calculated 

and expected dipole fields is around 1 kOe for both spin 

configurations, in reasonably good agreement with the exper

iment given the approximations involved. This is a strong 

indication that muons favor such a path. Other circular 

paths with different radii were constructed and the 

corresponding averaged B-fields are plotted as a function of 

radius in figure 4.2. The significance of the fact that the 

minimum of the curve occurs near the radius describing the 

three R sites requires a potential calculation. 
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The motionally averaged field calculated for the Bates 

and Rodriguez regions are considerably different. Since 

only one signal is observed, the local diffusion is then ei

ther among Bates or Rodriguez sites alone. Results for the 

path on a plane in the R-center is in reasonable agreement 

with the experimental result, while results in the B region 

are inconsistent with the data. This suggests that R sites 

are energetically more favorable than the B sites in the in

termediate temperature range. 

The origin of the single-frequency signal is thus ten

tatively identified as local muon diffusion in a Rodriguez 

plane. A closer examination of the three signals at lower 

temperatures shows that the low frequency signal is flat and 

approximately equal to the motion-averaged frequency. This 

suggests that the flat signal is also due to R sites. 

Calculations show that dipole fields at the three R sites on 

an R-plane have the same magnitude (20 kOe). The trans

ferred hyperfine fields at these sites also have an equal 

magnitude, 4Koe, as calculated by Boekema's method. This 

means that at lower temperatures muons trapped at R sites 

should give the same frequency. The lowest frequency is 

therefore interpreted as originating from the R sites. The 

other two low temperature signals should therefore be due to 

the B sites. 
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A consistent picture emerges from the discussion above. 

Muons at lower temperatures occupy metastable sites (local 

potential energy minima) such as the Bates sites and the 

more stable R sites. At higher temperatures muons in the B 

sites migrate into the energetically more favorable R sites 

where they diffuse from site to site within a very small re

gion. Only at even higher temperatures (above 400K) are 

muons energetic enough to diffuse globally which results in 

vanishing frequency signals. 

Global Diffusion 

In contrast to the local diffusion, global diffusion of 

muons in a-Fe203 is indicated by the onset of the increase 

in relaxation rate at 350K and is also observed in other ox-

30 

ide insulators. The signal peaks around 500K. No defi

nite MuSR signal is observed between 500K and 700K. This 

can be explained by the random motion of muons among the two 

sets of sites described above. This fact was demonstrated 

by the observation that when an external field is applied 

above 750K, the muon frequency as well as the relaxation 

rate return. This is because mouns diffuse so rapidly at 

this temperature range that the motion averages the local 

field to zero and the spin responds only to the external 

field applied. 



CHAPTER V 

MUON SITES IN V2O3 

Data Analysis 

The MuSR data for V2O3 are shown in figure 3.5 and 3.6. 

Below the metal-insulator-transition temperature T^i two 

frequencies are observed: 15 MHz and 0 MHz with an intensi

ty ratio of 3:1. Furthermore, as recent careful analysis 

has indicated, spurs of very weak signals with local fields 

ranging from 2-4 KOe and 7-8 KOe can be observed in several 

frequency spectra recorded below lOOK, but are too weak to 

be confirmed decisively. The temperature dependence of the 

major local field (1.11 kOe, 15 MHz) shows the same trend as 

the magnetization curve. Moreover, the magnetic transition 

can be clearly seen at 134K. The rather low T^i observed, 

as compared to the accepted value of 155K, is due to cation 

deficiency in the sample (V203+x^« 

In order to determine the direction of the l.lkOe local 

field, an external field was applied parallel to the c-axis. 

Applying the simple cosine rule one obtains 

B^ = Bext^ -̂  Bint^ + 2BextBintCose <5.1) 

45 
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which allows one to determine the angle 6. Bint is obtained 

from extrapolating the zero-field frequency measurements to 

T=OK. The results are shown in figure 3.5. Four separate 

internal-field directions for the main signal were found: 
o o 

0= 7, 66, 116, 174 (±5 ) with respect to the c-axis. 

The relaxation rate of the 15MHz signal below 134K is 

less than 2us~^ one of the lowest observed for muon signals 

in magnetic oxides so far. Above 134K, the muon relaxation 

is nearly zero and varies as a gaussian in time, an indica

tion of local muon motion. This is consistent with the 

findings for a-Fe203 where the muons are localized below 

120K and diffuse locally in the 120-360K temperature range. 

Site Search Algorithm for V2O3 

Since the internal field of V2O3 is almost entirely 

dipolar, the muon sites can be sought by simply performing 

dipole-field calculations alone. The affect of the small 

distortion, from the rhombohedral structure to the monoclin

ic structure, on the dipole-field calculation is estimated 

to be very small and thus the dipole calculation was based 

on the higher symmetry hexagonal structure. Based upon the 

fields obtained experimentally, the following search 

conditions were imposed in order to find possible muon sites 
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in V2O3: 

For the 15 MHz signal: 

IBdip - By I < 0.1 

CO 

(5.3) 

(5.2) 

® ~ Qobservedl < 5° 

For the 0 MHz signal: 

IBdipI < 0.2 kOe (5.4) 

The dipole field Bdip was calculated using the corundum 

structure as a good first approximation. For both cases, 

the distance to the nearest oxygen ion has been calculated 

and taken into consideration. Since the muon-oxygen bond-
o 

length is expected to be lA. The calculated muon-oxygen 

distances were then checked against the expected lA. All 

those sites showing a discrepancy of more than .2A were re

jected. 

The results of the search are depicted in figure 5.1 

and 5.2. Figure 5.1 shows the two possible muon stopping 

regions, located by the above algorithm. These sites corre

spond to the Rodriguez sites near the inversion center and 

the Bates sites near the basal plane, the same regions as 

those found in a-Fe203. In the Bates regions, a zero field 

site was found as well as ones with l.llkOe and each 
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experimental angle. m the Rodriguez regions, however, only 

sites with l.llkOe and 0=66, and 116° were found. Although 

the search condition involving field directions appears to 

be rather weak, the result indicates that the R sites and 

the B sites can be identified distinctly. 

In the figures, all muon sites are connected to the 

nearest oxygen by dotted lines. Those marked by 'X' are the 

sites expected from the hexagonal symmetry but not found by 

the search calculations. The R sites are contained in the 

two ovals shown. Figures 5.2(a) and (b) show the projection 

of both the Rodriguez sites and Bates sites onto the basal 

plane. Notice that all oxygen ions show less than five 

sites, in disagreement with the potential-energy considera

tions for the hexagonal structure which predict five sites 

(2R and 3B) for each oxygen ion. 

It is, again, important to realize that both R and B 

sites can be found independently using dipole calculations, 

although not all sites predicted by potential models for the 

corundum structure are found. Only a fraction of oxygen 

ions have 'missing' sites, perhaps caused by the structural 

distortion which could raise the potential energies at the 

'missing' sites. Or perhaps the dipolar field distribution 

at the missing sites are too broadened to be observed as 

suggested by the weak signals mentioned earlier. The exact 

cause is not completely known. 
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Figure 5.1: Muon Sites in V2O3. Both Bates-like and 
Rodriguez-like sites are found in V2O3; however, only a 
fraction of the R and B sites are found. Those expected but 
not found are labeled as 'X'. 
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CHAPTER VI 

CONCLUSION 

Dipole-field calculations in both a-Fe203 and V2O3 

have shown that a muon has strong oxygen affinity. The lo

cated muon sites are very close to oxygen ions at the 

Rodriguez sites in the octahedral interstitials and the 

Bates sites in the oxygen planes. The fact that the same 

sets of muon stopping sites were found in the two corundum 

structured oxides should not be coincidental. Other MuSR 

data on Cr203, a-Al203, FeTi03, Fe304, and the orthoferrites 

can also be explained by the formation of muon-oxygen 

Bonds.^" Muon-oxygen bonding is confirmed as the typical 

muonic state in transition-metal oxides at lower tempera

tures. The recent finding of the formation of muon-fluorine 

bonds by the TRIUMP group suggests a general trend of muons 

forming bonds with electronegative ions in insulators or 

poor semiconductors. 

The dipole-field calculations demonstrate formation of 

muoxyl bonding but also exhibit important deficiencies. 

First of all, the dipole-field calculation itself does not 

give very precise values of the muon-oxygen bond length. In 

many circumstances, potential models described earlier are 

used as a guideline to locate the muon stopping sites. The 
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exact locations of muon sites are not determined beyond 

doubt with dipole-field calculations alone. Secondly, the 

fact that the dipole-field calculation in V2O3 does not 

yield all the sites expected is a bit disturbing. It is not 

that the dipole approach is invalid, it is simply impossible 

for a dipole-field calculation to tell whether the "missing" 

sites are energetically favorable or not. Similarly, not 

all the sites in a-Fe203 can be found by dipole calculations 

alone. Thirdly, dipolar calculations are not capable of 

predicting local diffusion if the muon diffusion path is not 

known ahead of time. The reason that it works very well for 

abFe203 is because the highly symmetrical arrangement of 

magnetic ions in the z-direction causes zero averaged x- and 

y-component of the magnetic field. In general, dipole-field 

calculations are not capable of predicting dynamic events. 

Fourthly, zero temperature is assumed for dipole-field 

calculations. Extrapolation of experimental data to zero 

temperature is used to compared with calculated results. 

However, temperature dependence is important in determining 

the actual dipolar field distribution and its effect on muon 

spin relaxation. This aspect has been ignored in this 

thesis, but needs ultimately to be included. 

The remedy to the deficiencies of dipole-field 

calculations is to implement potential energy calculations 
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for the oxides of interest. Proper potential calculations 

can predict the muon sites as minima in the energy surface 

and will suggest possible diffusion paths. A final touch 

establishing "muoxyl bonding" and "local motion" as muonic 

states should be provided by an accurate potential calcula

tion. Only then can muons be fully used as a standard probe 

in oxides. The major difficulties in current potential 

calculations are that the results are model dependent and 

are not transportable from one oxide to the other. 

Ideally, magnetic field considerations should yield the 

correct muon sites if all possible origins of the fields are 

considered. For instance, the transferred hyperfine field 

should be considered in a-Fe203 in addition to the dipolar 

field. As demonstrated in the last chapter, the dipole 

field calculation performed in the pure dipolar magnetic ox

ide V2O3 does not really remove the difficulties in unambig

uously determining the muon sites because of the experimen

tal errors. Therefore, potential calculations accompanied 

by magnetic field calculations should be a better choice 

than the magnetic field considerations alone. 

In closing, it is worthwhile to point out that the 

search for muon sites in corundum oxides using dipole-field 

calculations not only clarifies muon behavior in oxides but 

also stimulates several future research interests. The 

following are of particular interest. 



54 

An accurate potential model for the oxide must be 

developed in the near future to confirm beyond doubt the 

muon-oxygen bonding and the exact muon sites. In the mean 

time, the MuSR data can serve as a test of the existing po

tential models. On the other hand, once a good model ex

ists, it can be applied even further to calculate accurately 

the zero point vibration and the vibrational spectra of the 

localized muons. A vibrational spectrum of muons in a host 

could serve as a guideline for future muon-spin-resonance 

experiments which can give even richer information about the 

local environment of the host. 

Establishing the criteria for forming muon-oxygen bonds 

is necessary for understanding the question of muonium for

mation versus u-0 bonding in insulators. Muonium is ob

served in insulators like diamond and semiconductors like 

silicon, but not in the corundum oxides, why? What are the 

general rules of forming various muonic states? This is a 

fundamental question which needs to be answered before muons 

can be fully utilized as probes in materials. 

The knowledge of muon sites found in V2O3 can be ex

tended to study the oxide spin-glasses such as (Vi-xTix)2^3• 

The muons will basically locate in the same set of sites (R 

and B sites) where they sample the relaxation functions 

Gx(t) and Gz(t) in transverse and longitudinal measurements 
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respectively, A comparison of the muon signatures in the 

band-like conductors such as V2O3 and (Vi_xCrx)203 with 

those involved with electron hopping such as magnetite is 

important in defining the role that MuSR can play in the 

study of electron-transport phenomena. 

Finally, of course, there are many more applications of 

MuSR which have been demonstrated. The ones described above 

are some of those the author would like to pursue in the 

MuSR study of magnetic oxides and insulators in general. 
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