
SEARCH FOR THE MUON-STOPPING SITES IN RARE-EARTH 

ORTHOFERITES BY MEANS OF DIPOLAR CALCULATION 

by 

TSAI-KU LIN, B.S. 

A THESIS 

IN 

PHYSICS 

Submitted to the Graduate Faculty 
of Texas Tech University in 
Partial Fulfillment of 
the Requirements for 

the Degree of 

MASTER OF SCIENCE 

Approved 

Accepted 

August, 1986 



ACKNOWLEDGEMENTS 

I wish to thank Dr. C. Boekema and Dr. R. Lichti for 

their continuous encouragement and guidance of this work 

and patience in correcting this manuscript. I also wish to 

thank numerous members of the physics department, especially 

the solid state group, for many discussions concerning this 

research and the insights they provided. This work was car-

ried out with the support of the Robert A. Welch Foundation. 

Their support in the form of a research fellowship is grate-

fully appreciated. 

11 



ABSTRACT 

The uSR data for RFe03 (R=Er, Ho, Y, Dy, Eu and Sm) in-

dicates that three separate localized muon sites may exist. 

In Ref.(12) one of these sites lying in the R-0 plane of the 

perovskite structure was identified, hereafter referred to 

as the Holzschuh-1 site. 

We have performed dipole sum calculations of the inter-

nal fields in the orthoferrites for the magnetic orderings 

present within the series. Using a weighting scheme requir-

ing a match to the experimental values for the magnitude and 

directions of internal fields from observed uSR signals, and 

a muon-oxygen distance consistent with bond formation, we 

have verified the Holzschuh-1 site and have identified two 

additional muon-oxygen bonding sites. The three sites thus 

located provide a satisfactory explanation for all of the 

uSR signals reported in the orthoferrite series. The two 

newly identified sites, which we have called "Holzschuh-2 

and Hofmann sites" are associated with the corner oxygen of 

the rare-earth oxygen plane in the pseudolattice picture 

(Fe=origin). At higher temperatures, increased muon motion 

results in migration of muons to the more stable Holzschuh-1 

site, so that only one signal is seen. 
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Definition of Symbols 

uSR = muon spin rotation. ( like Larmer presession) 
= muon spin relaxation. 
= muon spin resonance. (similar to NMR) 

RFe03, R» Er, Ho, Y, Dy, Eu and Sm. 

Ne»the positron counting rate. 

a=the energy-dependent decay symmetry. 

Gu=the time dependence of the asymmetry. 

Tl=longitudinal relaxation time. 

T2=transverse relaxation time. 

G-4=gamma-4 configuration. 

G-2=gamma-2 configuration. 

R(T)=relaxation rate as function of temperature. 

M(T)= magnetization. 

Ms=saturated magnetization. 

Ea=activation energy. 

w=2*Tf= Larmor frequency. 

Bdip=magnetic field caused by dipolar interaction. 

Bu=total magnetic field. 

Bhf=magnetic field caused by the supertransfer interaction. 

Bext=external magnetic field. 

Ar, Br, Cr=lattice constants of RFe03 unit lattice. 

IV 



CONTENTS 

ACKNOWLEDGEMENTS i i 

ABSTRACT i i i 

LIST OF TABLES vi 

LIST OF FIGURES vii 

CHAPTER 

I. INTRODUCTION 1 

II. THE USR TECHNIQUE 5 

Introduction to the USR Technique 5 
Physical Properties of the Muon 7 
The Advantages of uSR 8 
Solid State Application of uSR 11 

The Muon as a Light Interstitial Particle 12 

III. THE RARE-EARTH ORTHOFERRITES 13 

Structure and Physical Properties 13 
Magnetic Properties of RFe03 16 

Spin Reorientation Transitions 18 
Origins of the Internal Field 19 
Dynamic Effect of a Muon in RFe03 21 
uSR Data in RFe03 22 

IV. SEARCH FOR THE MUON STOPPING IN RFE03 3 3 

The Search Algorithms 33 
Approach to Find the other Muon Sites 37 

description of the computer program 37 
Approach to Solve the Problem 39 

Results and Data Analysis 43 

V. CONCLUSION 52 

REFERENCES 5 7 



24 

40 

LIST OF TABLES 

1. Properties of the Muon Relevant to uSR 

2. Comparison of Spin-Probe Techniques (2) 

3. uSR Data in Orthoferrite 

4. Merit Point Assignments 

5. Lattice Constants of RFe03 -̂

6. Result for the Holzschuh-1 Sites ^^ 

7. Result for the Holzschuh-2 Site 44 

8. Result for the Hofmann Site ^^ 

9. Average of Sites in RFe03 46 

VI 



LIST OF FIGURES 

1. Schematic experimental set-up in the 
transverse field geometry. The positron 
count rate, Ne(t), shows a periodic 
modulation, superimposed on the trivial 
exponentiai decay. This modulation 
results from the precession of the muon 
spin in the magntic field applied in a 
direction perpendicular to the incident 
muon beam. adopted from (43). 4 

2. (a)Range of probe-spin relaxation 
times accssible to measurement by the 
various techniques. (b) Ranges of 
correlation times of the local field 
fluctuations accessible to measurement 
by the various techniques. 11 

3. Idealized psudolattice of the 
pervoskite structure. The arrows 
indicate the high temperature spin 
structure of the Fe-ions. 14 

4. Iron spin configuration, gamma-2 
and gamma-4. 17 

5. (a) Temperature deference of 
Relaxation Rate in ErFe03, YFe03 
and SmFe03. (b) Temperature dependence 
of the relaxation rate in the temperature 
region (300,600) of the magnetic 
oxides Fe203, a-Fe203, YFe03, and ErFe03. 
adopted from (11). 2 5 

6. Measured MuSR-frequencies of various 
orthoferrites as a function of 
temperature in zero external field. 26 

7. MuSR frequency and the corresponding 
local magnetic field at the muon site 
for YFe03 at 296 K as a function of 
the external field with two crystal 
orientations. The insert shows the 
dependence at low fields. Bs=20 G 
is the saturation field of the used 
sample. The curves are calculated with 

vi i 



the assumption that the internal field 
is parallel to the c-axis. 28 

8. Measured frequencies for ErFe03 
at 80 K with two crystal orientations. 31 

9. Measured frequencies for YFe03 with 
an applied field along c-axis. 32 

10. Muon stop sites, Holzschuh-1 sites, 
in RFe03. Sites 1, 2, 3 and 4 give 
experimentally observed field values 
from calculated dipole fields. Site 2 
is the most likely being 1 A from an 
oxygen center. adopted from (17). 35 

11. (a) Muon stop sites, Holzschuh-2 
and Hofmann sites, in the RFe03. (b) 
Holzschuh-2 site in the rare-earth 
oxygen plane. 49 

12. Covalency effect of sites in RFe03. 51 

13. Measured muon precession amplitudes 
in zero applied field for YFe03. 
Amplitude at room temperature corresponds 
to about 100% of the stopped muons. 54 

VI 11 



CHAPTER I 

INTRODUCTION 

The uSR technique has become a sensitive method for 

probing the dynamic and static magnetic environment in sol-

ids (1). Because of the special properties of the muon, uSR 

can sample interstitial regions in a solid where other 

available techniques can't probe (2), and supply information 

which other techniques can not give (1). A few of the de-

tails will be discussed in the next chapter. 

In order for the muon to be a useful probe for solid 

state and other basic science research (1), it is important 

to answer the following questions: 

1) Where does the muon reside? 

2) How does the muon influence its environment? 

3) What is the nature of the muonic states? 

4) How do bound muonic states (e.g., u-0, u-F, or u-e) 

form? 

5) What is the behavior of the muonic state, specifi-

cally its spatial and temporal development? 

In most of the numerous systems investigated by uSR, 

special attention has been given to the determination of the 

origin, magnitude, and the direction of the local field 



experienced by the muon. Basic conclusions drawn from these 

studies were that (a) in a certain temperature regime u"*" 

diffusion accounted for the steep change of the measured 

relaxation rate, whereas (b) at other relatively low temp-

eratures u"*" localization occurred. In the magnetic oxides 

this localization was attributed to the formation of a muon-

oxygen bond analogous to a hydrogen bond. 

The important information which can be obtained direct-

ly from the experimental data is the precession frequency 

and depolarization in a sample material. For this informa-

tion to be most useful, one must first determine which re-

gion of the sample material is probed by the muon. 

When thermal equilibrium is possible, one usually finds 

one of the following situations: 

1) a localized site characteristic of the perfect host 

lattice, usually that of lowest energy. 

2) a localized site bound to a defect. 

3) a rapidly diffusing muon state, which is typical at 

high temperatures. 

For each of these cases the muon may be an ion (u"*"); or 

depending on the availability of eiectrons from the host, it 

may form a muonic atom (u"*'e~), known as muonium. Either of 

these states can, under the proper conditions, form a 

chemical bond with one of the host atoms. 



Because the muon's lifetime is short (about 2.2 ys) the 

lowest energy state is not guaranteed, even at zero tempera-

ture. This is the case for the rare-earth orthoferrites 

treated in this thesis. Control of site or charge state is 

limited and essentially only possible through impurities, 

external fields or temperature. 

As for questions (3),(4),and (5) the formation mecha-

nisms for the various muonic states have not yet been firmly 

established; and up to now the muon site has only been de-

termined unambiguously for a limited number of materials. 

In this thesis an algorithm to find the muon bonding 

sites in the rare-earth orthoferrites, RFe03, is presented. 

This algorithm is based mainly on the well known crystallo-

graphic and magnetic properties of RFe03, and a weighting 

scheme for approximately matching experimentally determined 

parameters. It is found that the local magnetic field at 

the muon site has mostly dipolar origin as was predicted 

(3). Although it is difficult to make an accurate calcula-

tion for the supertransfer interaction, the presence of such 

covalency effects will be demonstrated and briefly dis-

cussed. 

Finally it may be worthwhile to point out that aside 

from the theoretical interest, the reason for investigating 

rare-earth orthoferrites was that they are potential 



candidates for energy storage materials(4) and are an active 

laser medium(5). It is hoped that the algorithm presented 

here can be applied to other materials for which the domi-

nating local magnetic fields have predominantly dipolar ori-

gins. The specific computer programs used in this work are, 

of course, only applicable to materials with the same (per-

ovskite) structure as the orthoferrites. Figure 1 is a 

schematic experimental set-up 

nxion 
Lelescope 

j * beom 

expí-t/tp) 

/ stop 

positron 
telescope 

Figure 1: Schematic experimental set-up in the tran'-vê -̂ -
field geometry The positron count rate tran.ve.^e 



CHAPTER II 

THE USR TECHNIQUE 

Introduction to the USR Technique 

In order to understand the uSR technique in both its 

theoretical and experimental aspects, let us see how the uSR 

technique works. 

The muons are produced in accelerators from the decay 

of pions, which themselves are formed when a high-energy 

proton beam strikes a production target. Pions decay with a 

lifetime of 26 nanoseconds into a muon and a muon neutrino. 

In the rest frame of the pion, the muon is 100 percent spin-

polarized either along (u~ ) or opposite (u"̂  ) to its momen-

tum direction. 

The muons are collected in a beam channel and magneti-

cally separated into "forward" and "backward" beams, de-

pending on whether the muon center-of-mass momentum is par-

allel or antiparallel to the original pion momentum. The 

muons are then embedded in the targeted sample and the di-

rectional properties of subsequent decay provide the raw 

data for uSR. (See Figure 1). 



The incident muon triggers a beam "counter telescope" 

(an array of plastic scintillation counters), stops in the 

target, and some time later its decay positron triggers a 

similar counter array. The stopped-muon event starts a 

high-frequency clock, which is stopped by detection of the 

decay positron. The measured time interval is stored in 

computer memory as a time histogram, and the process is 

repeated many times until several million events are accumu-

lated. 

Analysis of time-differential uSR data consists of 

extracting relevant properties from the time-dependent muon 

polarization. These include one or several precession fre-

quencies, initial phase angles, initial asymmetries, and 

relaxation rates. The frequencies give information on time-

averaged internal local fields at the muon sites, and the 

relaxation rates reflect either static field distributions 

or spin-lattice relaxation processes. 

uSR is analogous to the free induction decay in NMR, 

except that (a) the muon spin is initially polarized, re-

quiring no applied magnetic field, and (b) the relaxation of 

the spin polarization is detected by particle decay rather 

than by resonance techniques. 

Hence the spin depolarization data provide information 

on the microscopic magnetic environment encountered by the 



muon, in analogue to what is obtained in NMR measurements of 

Tl (longitudinal relaxation time) and T2 ( transverse relax-

ation time). The similarity between uSR and NMR is very im-

portant for constructing the unknown uSR mechanism. 

Physical Properties of the Muon 

Several important physical properties of the muon which 

give uSR its unique advantages are listed in Table 1. A 

general discussion related to the explanation of muon behav-

ior in RFe03, or more generally to muons in a solid, follow. 

TABLE 1 

Properties of the Muon Relevant to uSR 

* * * * * • • * * * * * * * * * * * * • * * * * * * • * * * * * * * • * • • * • • * * * • * * • • • • * * • • • * * * 

Mass Mu=106 MeV 
=207 Me ( Me=mass of electron) 
=.113 Mp ( Mp=mass of proton ) 

Spin Iu=l/2 

Lifetime =2.197 us 

Magnetic moment = 4.49xl0~^^ J/T 
= 3.183 Up (Up=magnetic moment of proton) 

Gyromagnetic ratio = 13.5537 MHz/KOe 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^ ^ ^ ^ * ^ ^ * * * * * * * * * * i t * * * * * * * * * 
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When embedded in a solid sample, the final muon site 

has been shown to be far from the initial damage (1), from 

slowing the muon to thermal velocities. The muon mass af-

fects the bandwidth for motion in a rigid lattice, because 

the muon mass often falls in the intermediate range between 

definite localization (for protons) and definite band states 

(for electrons and positrons). It is suitable to use it to 

investigate problems of site localization and diffusion. 

The muon has spin 1/2, so it has a magnetic moment. 

This magnetic moment is sensitive to external and internal 

magnetic fields. Thus the interaction of the muon magnetic 

moment with other moments can be used to monitor both the 

static and dynamic local magnetic environment at the muon 

site. 

The muon's lifetime is 2.2 microseconds. This short 

lifetime restricts the time available for an experiment, 

which is usually not longer than a few lifetimes, and rises 

the question of whether thermal equilibrium is set up within 

this lifetime. 

The Advantages of uSR 

Compared with any other available hyperfine probes, 

e.g., NMR,MES, PAC,ESR (EPR),and neutron scattering etc, uSR 



is a relatively new and complicated technique. (See Table 2 

for a comparison of these methods.) However, because of irs 

special features uSR possesses several unique advantages. 

(a) Since there is only one muon inside the material at any 

time, 'probe-probe interaction could not occur. (b) As previ-

ously discussed uSR provides information about tne magnetic 

environment at interstitial sites. (c) uSR is very powerful 

for investigating the critical behavior in regions of phase 

transitions. Owing to the very good initial time resolution 

(short deadtime) uSR signals often remain visible through 

the regions of magnetic phase transitions. (d) Zero field 

spin relaxation of positive muons is, in many cases, the 

means to study critical fluctuations and other thermodynamic 

properties in the absence of an external magnetic field. ^e) 

The range of local field correlation times to which uSR is 

sensitive is quite large, 10" to 10"^^, this ccmplements 

the sensitivity of other techniques. (See Figure 2.) 



TABLE 2 

Comparison of Spin-Probe Techniques (2) 

10 

uSR NMR,ESR MES PAC 
****************************************************************** 

interstitial substitutional 
or substitutial 

usual probe 
lattice site 

substit- eithe 
utional 

ease of probe site 
determination fair good good fair 

usual lower limit 
on applied field none IKOe none none 

discriminated betveen 
static(inho-geneous) yes 
and dynamic (homogeneous 
line broadening) 

no (ESR) 
yes(NMR) no no 

probe-induced radiation 
damage minimal 

no no 
sometimes 

sensitivity to 
hyperhine field of 
probe core electrons no sometimes yes yes 

complication due to 
probe quadruF)ole 
moment none some yes yes 

sensitivity to host 
quadrupole 
interaction 

interactions bet 
probe spins 

sensitivity to 
diffusion 

ween 

indirect 

no 

yes 

sometimes 

yes 

yes 

yes 

somet imes 

no 

somet imes 

somet imes 

no 
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Figure 2: (a)Range of probe-spin relaxation times accssible 
to measurement by the various techniques. (b) Ranges of 
correlation times of the local field fluctuations accessible 
to measurement by the various techniques.' 

Solid State Application of uSR 

It is convenient to group the various types of uSR 

experiments into three categories, according to the role 

that the muon plays. These are (a) a local static and 

dynamic probe, (b) a light interstitial particle, and (c) a 

hydrogen-like atom. 



12 

In its role as a local static and dynamic probe, the 

positive muon tends to stay preferentially at interstitial 

sites, or at impurities such as vacancies, foreign atoms, 

dislocations, grain-boundaries or clusters of foreign atoms, 

etc. With respect to the sensitivity and the selectivity, 

one can expect that uSR will continue to be applied to new 

materials and phenomena. 

The Muon as a Light Interstitial 

Particle 

When viewed as a light interstitial particle the muon 

can be used to study localization and diffusion phenomena, 

Mass is a crucial parameter in determining if a particle is 

localized. Because the muon mass often falls in the inter-

mediate range between definite localization (as for protons) 

and definite band states ( as for electrons), it is perhaps 

uniquely suited to investigate these problems. Therefore 

the muon motion in RFe03 may provide important information 

of single-particle hopping and localization phenomena. Ow-

ing to its light mass and high velocity the muon diffusion 

and localization generally involve fundamental quantum 

considerations , e.g.,non-classical diffusion phenomena, 

which are unseen in previous experiments using hydrogen. 



CHAPTER III 

THE RARE-EARTH ORTHOFERRITES 

Structure and Physical Properties 

The rare-earth orthoferrites are part of a group of 

oxides having an orthorhorabically distorted perovskite 

structure (space group DÎ^ ). Their chemical formula is 

RFe03, where R is a rare-earth or yttrium ion. 

In general, oxides with the perovskite structure have 

chemical formula AB03, where "B" is a cation in the octahe-

dral-site and "A" is a larger cation at the center of the 

cubic lattice. Detailed reviews of these materials by J.B. 

Goodenough (6) and F.S. Galass (7) summarize the electrical, 

magnetic, structural, and related properties. Abrief sum-

mary is presented here of those properties which are re-

lated to the uSR data in RFe03. 

Every unit cell of the orthoferrite perovskite lattice 

contains four RFe03 formula units. An idealize perovskite 

unit cell is shown in Figure 3, with quite substantial devi-

ations of the oxygen and rare-earth ions from their ideal 

positions omitted. 

In this ideal perovskite structure the oxygen ions 

surrounding the rare-earth and iron ions form undistorted 

13 
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c , . 

Figure 3: Idealized psudolattice of the pervoskite struc-
ture. The arrows indicate the high temperature spin struc 
ture of the Fe-ions. 
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octahedra. The distortion in the orthferrites is such that 

the iron environment remains essentially octahedral, but the 

environment of the rare-earth ions is far from cubic. The 

iron ions form a distorted simple cubic lattice and alter-

nate with oxygen ion along the <100> directions of this sim-

ple cubic structure. One can visualize the structure as a 

three dimensional network of strings of oxygen octahedra, 

whose axes zigzag slightly. At the center of each octahe-

dron, there is an iron ion. The oxygen at the common apex 

of two adjacent octahedra provides a superexchange pathway 

between two iron ions. Thus, each iron is coupled by supe-

rexchange to its six nearest neighbors, resulting in high 

Neel temperatures. The degree of zigzagging of the oxygen 

octahedra is determined to a large extent by the size of the 

rare-earth ions located in the interstices between the oc-

tahedra. The larger the rare-earth ion the more the chains 

stretch and the zigzagging decreases. As a consequence, the 

superexchange bond angle, Fe-O-Fe, approaches 180 degrees 

(11). 

In the rare-earth orthoferrites, since the Fe-O-Fe bond 

angle and Fe-0 distance do not vary significantly, the 

Fe-O-Fe bond angle, it , is the determining factor for the 

magnitude of the superexchange integral. This is seen in 

the variation of Neel temperature, which was found 

experimently to vary asCos^(9)( 8 ) . 
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Magnetic Properties of RFe03 

In the perovskite structure, the zero-field splittings 

and anisotropy energy are expected to be small. For example 

the magnetic couplings of Fe-R and R-R are at least two 

orders of magnitude below those of Fe-Fe. The dominant 

magnetic interaction in RFe03 is an antiferromagnetic iron-

iron interaction which causes the iron ions to order anti-

ferromagnétically at 640-720 K, and any other Fe-Fe 

coupling is very much smaller (9). The iron ordering is in 

fact not truly antiferromagnetic, the spins are slightly 

canted with respect to one another by an angle about 0.5 de-

grees, resulting in a weak ferromagnetism. This weak ferro-

magnetism is parallel to the c-axis at room temperature. 

In order to see how the weak ferromagnetism can happen 

in an antiferromagtic oxide, let us consider the following 

picture. The iron ions in the orthoferrites are arranged as 

two sublattices which are strongly coupled antiferromagneti-

cally and slightly canted with respect to the antiferromag-

netic axis, so that a small net ferromagnetic moment results 

in a direction perpendicular to the antiferromagnetic axis 

(Figure 4). The angle between the sublattice magnetization 

and the antiferromagnetic axis at zero external field is the 

canting angle • . This angle is determined by the ratio of 

perturbing forces, either of crystal-field or exchange 

origin, to the superexchange force. 
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S^^^r^ t^ 

Figure 4: Iron spin configuration, gamma-2 and gamma-. 
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Spin Reorientation Transitions 

One of the key parts of the algorithm for determining 

the muon bonding sitesin RFe03 is that the spin reorienta-

tion transitions give the same site in both phases. Tran-

sitions of this types are very common and are often respon-

sible for anomalous behavior in magnetically ordered 

materials (10). The causes and the character of magnetic 

order-order phase transitions may be very diverse, but from 

a phenomenological point of view it is possible to treat 

them together by taking into account that in such tran-

sitions one of the magnetic structures always loses its sta-

bility and another becomes stable. Magnetic phase tran-

sitions of the order-order type are very reminiscent of the 

well-studied structural transitions in crystals, which are 

characterized by the fact that during the transition there 

occurs deformation of the crystal, accompanied as a rule by 

a change of its crystalline symmetry. 

In RFe03, there are usually two types of spin configu-

rations, Gamma-4 and Gamma-2, at low temperature. In the 

Gamma-4 spin configuration, the iron spins are antiferromag-

neticlly aligned along the x-axis with the weak 

ferromagnetism along the z-direction. For the Gamma-2 

configuration, the antiferromagnetic axis is the z-axis and 

the weak ferromagnetic component is along the x-axis (See 
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Figure 4 ). In each case except R=Sm, the spin configuration 

at room temperature (RT) is Gamma-4. 

In these materials the Gamma-2 to Gamma-4 spin reorien-

tation transition is very helpful for determining possible 

muon stopping sites. This situation is similar to the Morin-

transition ina-Fe^O^dl). Based on the assumption that the 

supertransferred field would rotate in the same sense as the 

iron magnetic moments for a Gamma-2 to Gamma-4 reorienta-

tion, the conclusion was made that only a dipolar field was 

needed to explain the muon hyperfine field in ErFe03. This 

conclusion was further substantiated by the external field 

induced spin canting effects in YFe03. 

Oriqins of the Internal Field 

In the orthoferrites, the uSR technique successfully 

clarifies the nature and origin of the positive muon hyper-

fine field at interstitial sites. 

The local field at a muon in a magnetic material can be 

decomposed into the following contributions 

^u - Bdip * Bhf • Bext (1) 

The hyperfine field or fermi contact field Bhf is 

proportional to the unpaired electron spin-density at the 
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muon site. The dominant covalent field contribution is 

called the supertransferred field. This supertransferred ef-

fect is due to electron spin transferred into unoccupied 

metal 3d-orbitals, which causes spin polarization in the ox-

ygen 2p-orbitals. These 2p-orbitals overlap with the muon 

s-orbital, resulting in a nonzero spin density at the muon 

site. Alternatively, the hyperfine field arises from the 

interaction of the muon spin with the polarized conduction-

electron cloud around the muon, and the Bdip comes from the 

interaction of the muon spin with all magnetic moments lo-

calized at host lattice sites. 

The dipolar field Bdip is usually further decomposed 

into 

Bciip=-NxM+4iTMs/3 + Bdip- (2) 

where -NM is the sample dependent demagnetization field, 4^ 

Ms/3 is the Lorentz field, Ms is the saturation magnetiza-

tion density and Bdip_ is the residual dipolar field of the 

Lorentz sphere. From the analysis of the experimental data, 

it was found that the lorentz field gives only a small con-

triBution to the total field at the muon, and the only terms 

which could contribute significantly to Bu (for Bext=0) are 

Bdip_ and Bhf (12). 
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As long as the muon wave function is spherically 

symmetric, the dipolar field value will not be changed sig-

nificantly by a finite spatial extension. Calculations of 

the hyperfine and dipolar contributions to the local field 

can be performed as soon as a muon site is chosen. To esti-

mate Bhf for a muon participating in a muon-oxygen bond sim-

ilar arguments can be followed to those in the interpreta-

tion of the Fe(57) hyperfine interactions in ferrites 

(13). 

Bhf-c( (Air-Ag) ̂ cos^e) +A2^ ( 3) 

where AQ is the magnitudes of the spin polarization of oxy-

gen orbitals with o and ff symmetry. For such a linkage 

it can be shown that Bhf at the muon site is parallel to 

magnetic moment of the metal ion. 

Dynaraic Effect of a Muon in RFe03 

Like NMR, MES and PAC, uSR is a local probe from which 

informations is obtained about the correlations of an elec-

tronic moment with itself at a different time and with 

nearby spins. 



22 

Magnetic moments produce a local field at the site of 

the muon, and the time-dependent fluctuations of the elec-

tronic moments are mirrored in the time dependence of the 

local magnetic field. Fluctuations in the local field in 

turn produce a decay of the muon polarization, which can be 

observed via the angular distribution of the decay posi-

trons. Since the muon spin precessés around internal or 

external raagnetic fields, its polarization will be time de-

pendent. This dependence is manifest in the positron count-

ing rate, which contains the time-dependence of the uSR 

spectrum can be expressed as: 

dNe(w,t)=exp(-t/Tu)(l+AGu(t)cose)dwdt/(4 H Tu) (4) 

where a is the initial energy-averaged asymmetry and Gu(t) 

represents the time dependence of this asymmetry. 6 is the 

angle between the muon spin and the positron emission direc-

tions. Tu is the muon lifetime =2.200 ps, and dNe is posi-

tron counting rate. 

uSR Data in RFe03 

uSR measurements as a function of temperature and ap-

plied magnetic field have been made on the rare-earth 

orthoferrites of Er,Ho,Y,Dy,Eu and Sm (14). The data were 

obtained at the Swiss Institute for Nuclear Research (SIN) 

in 1980. 
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Table 3 is a summary of the experimental data. The 

Fe-O-Fe bond angle is responsible for the Neel temperature 

and covalent effects; Bu K^l^ are the magnitude and direction 

of the internal field at the muon sites respectively in 

the appropriate spin configuration. 

Figure 5. shows the observed uSR frequencies for the 

RFe03 as a function of temperature in zero applied magnetic 

field. No measurements were made above room temperature 

(RT) for EuFe03, DyFe03, and HoFe03, or above 460 K for Er-

Fe03. Below RT missing data indicates that measurements 

were attempted, but no signal could be found. The disconti-

nuity of the frequency in ErFe03 and SmFe03 is related to 

the spin reorientation transition. For YFe03, EuFe03, Dy-

Fe03, and HoFe03 there are no known phase transitions which 

could explain the splitting of the lines at low tempera-

tures. The observed splitting at low temperature implies 

that there are several sites at which a muon can be trapped. 

Sites associated with these frequencies are considered to be 

metastable (15). When the temperature increases the muons 

migrate to the site with lower energy, resulting in a single 

frequency. 

The relaxation rates measured for the prominent uSR 

line observed over the widest temperature range show similar 

muon behaviour for each member of the series. As indicated 
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TABLE 3 

uSR Data in Orthoferrite 

*ie*ieit*1tit1cieit-kit*it*it**it**ic-kie*it-k1t ***************** Itifkleicicitltifkic** 

ErFeOS 

HoFe03 

YFe03 

Fe-O-Fe 
bond angle 

142.7 

Fields at the muon sites 
Magnitude(KOe) Direction(deg.) 

(Gamma-2) (Gamma-4) 
n C 

2.83(G-4 
19. 0. 
38. 

4.95(G-2 
7.37(G-2 

144.1 

143.6 

DyFe03 145. 

EuFe03 147.8 

SmFe03 148. 

2.57(G-4 
2.70(G-4 

2.66(G-4 
3.08(G-4 
3.96(G-4 

2.32(G-4 

1.31(G-4 
4.13(G-4 

1.15(G-4 
7.82(G-2 

0 
13 
35 

where G-4=Gamma-4 spin configuration 

G-2=Gamma-2 spin configuration 

5=Cos-l(Bz/Bdip) 

n«Tan"^(By/(B2y+B2x)-^ 

Bx, By, and Bz are the x,y,z components of Bu respectively 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * • * * * * * * • • • • • • • • • • • • • • • • • • • • * • 

in Figure 6,, the relaxation rate remains essentially 

constant at low temperature with a value near 4 ps * This 

low relaxation rate indicates that the muon is localized. 
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Figure 6: Measured MuSR-frequencies of various orthoferrites 
as a function of temperature in zero extenal field. 
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The small increase near 250 K represents the onset of local 

diffusion reasulting in increased population of the more 

sTable sites. At about 400 K, a steep rise in the rate 

means the muons are beginning to diffuse quickly throughout 

the lattice. 

The increase in relaxation rate above 400 K for YFe03, 

ErFe03 and SmFe03 can be fitted well to a thermally acti-

vated process 

R(T)= (M(T)/M(e))exp(-Ea/kT) (5) 

Here "R" is the relaxation rate, M is magnetization, Ea is 

the activation energy, which can be computed from the temp-

erature-dependent relaxation data. For ErFe03, the experi-

mental data give Ea= 340±3 meV. and for YFe03 one obtains 

Ea=270+2 meV. 

Overall, the activation energy for global diffusion in 

RFe03 is on the order of 300 meV, with approximately 100 

meV for the local diffusion. Such energies are characteris-

tic of strength for hydrogen-oxygen bonding and thus support 

the idea of muon-oxygen bond formation (17). 

Figure 7 shows the field-dependence of the muon preces-

sion frequencies in YFe03 at room temperature with the 

external field applied parallel to the c-axis, which is the 

easy axis of weak ferromagnetism, and parallel to the <110> 

direction. Similar measurements were also performed for 
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1 2 3 4 5 
EXTERNAL FIELD (kG) 

Fiqure 7: MuSR frequency and the corresponding local magnet-
ic field at the muon site for YFe03 at 296 K as a function 
of the external field with two crystal orientations. The 
insert shows the dependence at low fields. Bs= 20 G is the 
saturation field of the used sample. The curves are 
calculated with the assumption that the internal field is 
parallel to the c-axis. 
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EuFe03, DyFe03, and ErFe03 with qualitatively similar 

results. 

It is observed that for the upper curve with the exter-

nal field parallel to the c-axis, the muon frequency in-

creases linearly with a slope of 13.55 KHz/Gauss. This in-

dicates that the direction of the internal field Bint is 

parallel to the applied external field (i.e,along c-axis). 

After some algebra to rearrange the vector equation 

Bu= Bint + Bext 

into 

2 2 P 
^u =B int+B ext*2BintxBext>*Cose—(6 ) 

here e is the angle between Bint and Bext. 

It was also observed that only one signal appears when 

the external field is applied parallel to the c-axis, and 

two slightly separated signals show up as the external field 

is applied parallel to <110> direction. The same is true if 

the external field is applied along the negative c-axis and 

the negative <110> direction. This result indicates that 

the internal field is controlled by the weak ferromagnetism 

which in turn depends on the domain alignment. 
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Figure 8 shows the external field-dependence of uSR 

frequencies in ErFe03 with the external field parallel to 

the c-axis above the spin reorientation temperature (about 

90 k) and parallel to the a-axis or b-axis below the spin 

reorientation temperature. A fit to these data using equa-

tion (1) gives an angle between the internal and external 

fields of e =128.4 degrees for the lower line and 110.5 

degrees for the upper line. 

Measurements of the uSR frequencies with the applied 

field in the ab-plane show an anisotropy as the crystal is 

rotated about the c-axis. Figure 9 shows the results of 

these measurements in YFe03 at 24k. Three uSR frequencies 

were observed. Except for the lowest energy site, which is 

the most stable one at room temperature, the internal field 

for the two additional muon sites is found to make angle of 

35 and 13 degrees respectively with the c-axis. It is noted 

that the spin configuration of ErFe03 is different from 

YFe03 at 24 K since it is below the spin reorientation temp-

erature, where the iron-spins in ErFe03 have the Gamma-2 

configuration, while the iron-spins in YFe03 have the Gam-

ma-4 configuration over the full temperature range (See Fig 

3 and 2). 
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Figure 8: Measured frequencies for ErFe03 at 80 K with two 
crystal orientations. 
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Figure 9: Measured frequencies for YFe03 with an applied 
field along c-axis. 



CHAPTER IV 

SEARCH FOR THE MUON STOPPING IN 
RFE03 

The Search Alqorithras 

Several algorithms have been suggested for determining 

the muon sites, (17,5). The important theoretical and ex-

perimental considerations will be briefly discussed. 

Theoretically the sites are at positions where the 

potential energy is a rainimura or a local minimum. Since the 

uSR data can only give information on the local magnetic 

field at the muon sites', and since the main contributions to 

the magnetic field are the magnetic dipolar and hyperfine 

interactions, the previous calculations have assumed that at 

the muon sites either the dipolar interaction (Bdip) or the 

hyperfine interaction (Bhf) is zero. It will be shown that 

taking Bhf=0 yields reasonable sites with the muon on the 

rare-earth oxygen plane and near an oxygen, which is most 

likely an electrical potential minimum. Below we will 

discuss the main details of how this assumption is combined 

with other feraures in the site determination. In RFe03 the 

symmetry iraplies that Bhf=0 on the rare-earth oxygen plane, 

for the ideal structure. Sites are expected to be near that 

plane so Bhf=0 is a good first approximation. The 

33 
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assumption Bdip=0 has been made in (18,19), and it is 

surprisely that these two assumptions lead to similar re-

sults. 

The components of the search algorithm which has been 

used by Holzschuh et al (17) to determine one of the muon 

sites ( below we will call this site the Holzschuh-1 site) 

are (a) the magnitude of the internal magnetic field, (b) 

spin reorientation transition, (c) muon-oxygen bonding 

length, and (d) spin canting. As carried out by the Hol-

zscuhu et al, the determination of the Holzschuh-1 site pro-

ceeded in the following way. First, assume Bhf=0, which im-

plies that sites in RFe03 are on the z=l/4 plane of Figure 

4. Here the coordinates are given in units of the lattice 

constants. The positions at which calculated dipole field 

magnitudes match experimental values were then located. 

Sites satisfying the condition that the calculated dipolar 

field for gamma-4 is equal to the measured field for the 

case of ErFe03 are indicated in Figure 10 by dashed lines. 

The same calculation was then done for the gamma-2 spin con-

figuration. The dots on Figure 9 mark the sites where the 

calculated values fit the measured internal field values for 

both spin configurations. When the spin reorientation 

transition does not occur in zero applied field, it is 

possible to induce one by a strong magnetic field. This has 

been used experimentally in YFe03 by applying an external 
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Fiaure 10- Muon stop sites, Holzschuh-1 sites, in RFe03. 
Sites 1 2 3 and 4 give experimentally observed field val-
ues fro; cålcuîated dipole fields. Site 2 is the most Uke 
ly being 1 A from an oxygen center. adopted from (17). 
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field parallel to the a-axis (18). This process is referred 

to as field induced spin reorientation. 

If one further assumes that muon oxygen bonding occurs, 

then it is reasonable to select sites which have a particu-

lar oxygen-muon bond length. It is known from studies on H+ 

trapping in the oxides that an OH-complex forms with an OH-

distance of very nearly lA (19). Since a muon is an iso-

tope of hydrogen if the muon-oxygen bond is formed it is ex-

pected that the bond length will also be near lA. In addi-

tion of this assumption and taking the small canting into 

consideration, the site we have labeled as the Holzschuh-1 

site was finally determined as site 2 in Figure 10 The 

muon-oxygen distance of sites 3, and 4 are 0.6A and 0.75A 

respectively, and site 1 has wrong field direction i.e. the 

coraputed total raagnetic field of sites 1 matches the experi-

mental value but the components of this total field are in-

correct (17). 

The above approach relies heavily on the theoretical 

arguments for the directions of the components of two spin 

configurations(17). Holzchuh et al concluded that the other 

muon sites, which are observed at low temperature, could not 

be determined from this approach. In the following section 

we will add several criteria to help locate the other muon 

sites. The theoretical arguments, which were just mentioned 
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above, have been used to check the results but weren't put 

into the search algorithm. 

Approach to Find the other Muon 

Sites 

Description of the Cortputer Program 

The dipolar program used as a basis for our calcula-

tions was written by Dr. Boekema in 1980 and is able to com-

pute the magnitude and the direction of the dipolar field at 

any position in RFe03. The program is based on the assump-

tion of point dipoles at the metal ion sites and an ideal 

crystal structure,as shown in Figure 3. The radius of the 

Lorentz sphere is taken to be 7A in the field calculation 

from equation (2). This is a compromise between local field 

accuracy with the Lorentz field set to zero, and minimizing 

the coraputational tirae. (A radius of 400A was also tried 

and resulted in the approximately the same site.) The 7 A 

Lorentz sphere provides an accuracy on the order of 0.1-0.2 

KOe. The original grid size is about 0.05A spacing in a 

cubic array. This is larger than the experimental limits on 

the muon sites due to the width of observed lines, which is 
approximately 0.2 MHz or 0.014 KOe. 

During this work the original program was modified to 

include the algorithm mentioned in last section and several 
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additional search criteria. These are a) using of the 

information from the spin reorientation, b) approximately 

matching the lA muon-oxygen bond length, c) including the 

direction of the internal field, and d) a merit point 

weighting scheme for approximately matching each of the 

various criteria, and e) an assumption that the muon sites 

in all the RFe03 are identical. Items (a) and (b) have 

been briefly discussed above; (c) is an experimentally known 

result for YFe03 and ErFe03 ; Item (d), the merit point 

weighting scherae, trys to maximize the usage of experimental 

results and item (e) is based on the observation that the 

muon behavior in oxide is very similar. Later we will dis-

cuss in detail how and why criteria (d) and (e) can help to 

find the other muon sites, which experimentally exist at low 

temperature but have not previously been located. The pro-

gram was also modified to provide a plot of the selected 

muon sites with respect to the oxygen ions. 

Before using the computer to calculate the fields, and 

to assign weights to the various candidate muon sites, one 

can use the overall symmetry to minimize the search region 

in order to reduce the necessary computational time. The 

symmetry properties of crystal and magnetic structure of 

RFe03 (group Î ^ ) implies that only the lowest quarter of 

the cell (first sublattice) shown in Figure 4 has to be 
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considered. The fields inside the second, third and forth 

sublattice can be determined directly from the data in the 

first sublattice and the overall symmetry. In Figure 4 the 

top surface of the first and third sublattice are the mirror 

planes. 

Approach to Solve the Problem 

After matching the magnitude and direction of the in-

ternal magnetic field, and having approximately a 1 A muon-

oxygen bond length, maxiraizing the usage of the experimen-

tally available values and then appling the Gamma-4 to 

Garama-2 spin reorientation criteria, several regions are lo-

cated with site candidates which possess high merit point 

weightings. The merit point weightings used in the site 

search are shown in Table 4. 

After locating high merit point regions,the next step 

was to compare these regions with those found in other or-

thoferrites to see whether equivalent sites occur in each. 

The reason for doing this is that each meraber of the or-

thoferrite series has nearly the same structure and any lo-

calized muon sites should be nearly identical. From this 

coraparison the position of the muon sites common to all 

members of the series can be determined. These common 

regions are then selected as the most likely muon sites. 



40 

TABLE 4 

Merit Point Assignments 

* • • • • • • • • • * • • • • * • * * • * • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

Let DB=the difference of experimental and calculated 
value of the internal magnetic field. 

DZ=the difference of experimental and calculated 
value of the direction of the internal field. 

DU=the difference of hydrogen-oxygen bond length 
and the muon-oxygen bond length. 

1) I f DB < 0 . 1 KOe the mer i t p o i n t (MRT) i s 3 
I f 0 . 1 < D B < 0 . 2 MRT«2 
I f 0 . 2 < D B < 0 . 5 MRT=1 
If DB > 0 . 5 MRT=0 

2) If DZ < 2 degrees MRT=4 
If 2 < DZ < 5 MRT=3 
If 5 < DZ < 10 MRT=2 
If 10 < DZ < 20 MRT=1 
If DZ > 20 MRT=0 

3) If DU < 0 . 1 a n g e s t r o MRT=3 
If 0 . 1 < D U < 0 . 2 MRT=2 
If 0 . 2 < D U < 0 . 3 MRT=1 
If DU > 0 . 3 MRT=0 

The total MRT is the sura of MRT in each part. 

For exaraple: 

If DB=0.3, DZ=3., DU=0.13 then MRT=l+3+2=6 

The reason why we use different merit point assignment 
is a matter of estimation of the accuracy of the 
experiraental data. The more we know about the accuracy of 
the experimental data the better this method can do the job, 
• • • • • • • • • • • • • • • • • • • • • • • * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * - * 
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As an example of how this selection process works 

consider ErFe03, where there is a spin reorientation at 

about 24 K, which results in the frequency jump in the data 

shown in Figure 5. Below this temperature the spin configu-

ration is Garama-2, and the experimental values of the two 

observed local magnetic fields are 4.95KOe, at an angle of 

19 degrees to the a-axis for the low field signal, and 

7.37KOe at 38 degrees for the high field signal. Above the 

spin reorientation temperature the spin configuration is 

Gamraa-4, and a signal with a local field of 2.83KOe parallel 

to the z-axis is observed. Using the above search algor-

ithm, several site candidates are found. One of the site 

candidates is in the region having an x-coordinate between 

0.7-1.4A, a y-coordinate between 0.8-1.2A, and a z-coordi-

nate between 1.66-1.88A. This region is then tested in 

YFe03 to see whether it has a correct experimental field for 

that material. There are two possibilities as seen in the 

experimental data; 3.08KOe at 13 degrees, and 3.962 at 35 

degrees to the z-axis. If either of these are found then we 

continue to check HoFe03, DyFe03, EuFe03 and SmFe03 ( See 

Table 6 for the experimental fields). If the values for any 

of the orthoferrites fail to appear, we proceed to a 

different candidate region, and repeat this procedure, until 

the candidate region is found which satisfies the data frora 

each sample. 
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After a satisfactory region is determined, we refine 

the calculated position by finding the central coordinates 

of the sites in each sample. These central coordinates have 

been labeled as the "standard" sites. Then a series aver-

aged position is found by using the relative coordinates, 

taking into consideration the variation of the lattice con-

stants (See Table 5). If the deviations for each orthofer-

rite are small frora the average site, the averaged coordi-

nates are accepted and the position of the site is 

established. However since there is some error in the cal-

culated field due to the size of the Lorentz sphere used, 

and since the extrapolation of experimental curves to T=0 K 

to get the experimental values of Bu is not perfectly accu-

rate, and since the lA muon-oxygen distance should be a bit 

flexible, we may sacrifice some accuracy in the field and 

bond distance to satisfy the assumption that in a similar 

structure the sites will be identical. Therefore two dif-

ferent sets of coordinates are reported here, one based on 

the most accurate reproduction of the experimental data for 

each orthoferrite (standard sites), and the second based on 

the assumption that the muon sites are identical in 

different RFe03. We call the second type of sites " common 

sites." 



a r (A) 
5 . 2 6 3 
5 .270 
5 .282 
5 .302 
5 .372 
5 .400 

b r (A) 
5 .582 
5 . 5 9 1 
5 .596 
5 .598 
5 .606 
5 .597 

c r (A) 
5 . 5 9 1 
7 .602 
7 . 6 0 5 
7 .623 
7 . 6 8 5 
7 . 7 1 1 
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TABLE 5 

Lattice Constants of RFe03 

*************************k*kk*k*kkkk*it*kk**kkkkkkk******k 

ErFe03 
HoFe03 
YFe03 
DyFe03 
EuFe03 
SmFe03 

AVERAGE 5.314A 5.595A 7.621A 

STANDARD 0.052A 0.007A 0.034A 
DEVIATION 

Results and Data Analysis 

Table 6, 7, 8 and 9 gives the coordinates of muon 

bonding sites found in the orthoferrites. This includes 

sites we have named the standard and common Holzschuh-1 

sites in table 6; the standard and common Holzschuh-2 sites 

in table 7 ; and the standard and common Hofmann sites in ta-

ble 9 . The standard sites are based on the extrapolation 

of the experiment fields to zero kelvin; the common sites 

are based on the assumption that the muon-oxygen bonding be-

havior should be similar in each member of the RFe03 series 

These tables give the position and relative position of the 

muon site; and the magnitude and direction of the internal 

magnetic field calculated for that site. The muon-oxygen 

bond length is also shown in these Tables. 
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TABLE 6 

Result for the Holzschuh-1 Sites 

average relative calculated field muon-oxyge 
RFe03 pcsition position magnitude direction bond lengt 

(A) * * (KOe) (deg.) (A) 
XAV YAV ZAV * X/Ar Y/Br Z/Cr* Bdip RUO 

****************************************************************** 
* 

ErFe03 2.31 2.89 1.89 * .44 .51 .25 * 2.61 5.2 .97 

HoFe03 

YFe03 

DyFe03 

EuFe03 

2.30 2.92 1.89 

2.29 2.85 1.91 

2.32 3.05 1.94 

2.49 3.06 1.95 

* 
* 

* 
* 

* 
* 

* 
* 

.44 

.43 

.43 

.46 

.52 

.51 

.55 

.55 

* 

.248* 

* 

.25 * 

* 

.254* 

* 

.254* 

2.56 

2.61 

2.38 

1.36 

5.4 

1.6 

2.1 

3.8 

.96 

1.0 

.84 

.81 

* * 
SmFe03 2.55 2.86 1.94 * .475 .52 .252* 1.22 3.9 1.01 
****************************************************************** 

TABLE 7 

ReSult for the Holzschuh-2 Site 

average relative calculated fieid muon-oxyg 
RFe03 position position magnitude direction bond leng 

(A) * * (KOe) (deg.) (A) 
XAV YAV ZAV * X/Ar Y/Br Z/Cr * Bdip RUO 

****************************************************************** 
* 

ErFe03 .27 1.04 1.8 * .09 .17 .247 * 7.458 16.69 1.07 
Common .34 1.00 1.88* .06 .18 .246 * 7.38 20.0 1.05 

* * 

HoFe03 .35 .85 1.844* .065 .152 .242 * 2.725 13.2 .92 
common .37 .847 1.89 * .071 .152 .249 * 2.854 4.9 .93 

YFe03 
common 

DyFe03 
common 

.44 

.39 

.34 

.82 

.87 

.92 

* 

1.83* 
1.90* 

* 
* 

1.85* 

.08 

.07 

.064 

.147 

.156 

.165 

• 

.241 * 

.231 * 

* 
* 

.243* 

3.05 
2.935 

2.44 

12.5 
12.5 

2.3 

.978 

.966 

.87 

SmFe03 * * 
common .35 1.08 1.87* .064 .193 .24* 7.489 19.55 1.13 
******************************'******************************««**«* 
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TABLE 8 

Result for the Hofmann Site 

average relative calculated field muon-oxyg 
RFe03 position position magnitude direction bond leng 

(A) * * (KOe) (deg.) (A) 
XAV YAV ZAV * X/Ar Y/Br Z/Cr* Bdip RUO 

****************************************************************** 
ErPe03 .45 .62 1.24 * .08 .10 .16 * 4.92 37.28 .975 
common .42 .62 1.25 * .08 .11 .164 * 5.21 34.7 .99 

YFe03 
common 

EuFe03 
common 

.43 

.42 

.43 

.42 

.79 

.8 

.79 

.85 

* 

1.53 * 
1.45 * 

* 

1.546* 
1.45 * 

.08 

.075 

.09 

.08 

.09 

.14 

.132 

.151 

* 

.20 * 

.19 * 

* 

.201 * 

.188 * 

3.87 
4.07 

4.065 
4.05 

35.03 
43.2 

32.05 
44.77 

.97 
1.00 

.98 
1.06 

* * 

SmFe03 .44 1.04 1.64 * .08 .19 .216 * 7.832 156 1.18 
common .42 1.0 1.5 * .078 .178 .194 * 7.37 22.9 1.16 
****************************************************************** 
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Average of Sites in RFe03 
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****************************************************************** 

Average * 
position * 

(A) 
Holzschuh-2 xav yav zav * 

relative * muon-oxygen 
position * bond length 

(A) 
xav/ar yav/br zav/cr* Ruo 

site 

Standard .05 
deviation 

.352 .881 1.87* 
* 

.072 .038* 
* 

.066 .157 245 

* 
* 

.97 

.05 

common 
* * 

.347 .936 1.884 * .066 .162 .247 
* 

Standard .016 .07 .028 * * 
deviation * * 
****************************************************************** 

* 1.03 

.055 

****************************************************************** 

Average 
position 

relative 
* position 

muon-oxygen 
bond-length 

Hofmann xav yav zav * xav/ar yav/br 

site .424 .753 1.507* .077 .153 

zav/cr Ruo 

.203 1.01 

.10 Standard 
deviation 

.424 .753 1.507* .077 
* 

.076 .164 .147* 
* 

common .41 .836 1.46 * .077 .149 .191 1.05 

Standard .02 .12 ".086 * .06 
deviation * 
****************************************************************** 
****************************************************************** 

Average relative muon-oxygen 

position * position bond length 

Holzschuh-1 xav yav zav * xav/ar yav/br zav/cr Ruo 

site 2.37 2.294 1.92* .446 .526 .252 .934 
.12 .092 .03* 

* 

.081 Standard 
deviation 
****************************************************************** 
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The standard Holzschuh-1 site has been reported by 

Holzschuh et al (17). In order to see whether our approach 

agrees with Holzschuh's result, we reproduce this site from 

the modified algorithm. As can be seen in Table 8, the x-

coordinate given for the reproduced Holzschuh-1 sites, which 

are near the center oxygen of the rare-earth oxygen plane in 

the psudolattice (See Figure 4), are different from the 

Holzschuh's. This is because the psudolattice instead of 

the normal-lattice has been used in the modified program. 

The main reason of choosing the psudolattice ( iron = ori-

gion ) is for convenience. The sites in table 8 (i.e stan-

dard Holzschuh-1 sites) are the most stable and the only 

sites which exist at room temperature. At this temperature 

all of the RFe03 series have the Gamma-4 spin configuration. 

From the angular dependence of the field at these sites, it 

is found that for the Holzschuh-1 site the direction of the 

internal field for Gamma-4 is approximately along the z-

axis. The muon-oxygen bonding length is very close to 1 

A, except DyFe03 and EuFe03, where the variation is somewhat 

large. This exception may suggest that we have to analysis 

DyFe03 and EuFe03 a little bit more carefully. Holzschuh et 

al didn't report results of site searches for HoFe03, DyFe03 

and EuFe03. The magnitude of Bdip decreases in order from 

ErFe03 to SmFe03. This is also the order of the Neel 
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temperature and hyperfine interaction in these materials. 

Both the Neel temperatures and hyperfine interactions are 

proportional to cosine squared of the Fe-O-Fe angle in 

RFe03. 

The Holzschuh-2 and Hofmann sites are near a different 

oxygen ( the corner-oxygen in the psudolattice). The 

Holzschuh-2 sites are on rare-earth oxygen plane and Hofmann 

sites are below and above this plane, as shown in Figure 11. 

The reason all these sites are near the rare-earth oxygen 

plane is that the Coulomb repulsion in iron- oxygen plane is 

much larger than the rare-earth oxygen plane. For the Gam-

ma-2 spin configuration the direction of the internal field 

is on the x-y plane and is approximately along the x-axis if 

there is no external field. For the Gamma-4 spin configura-

tion the field is either along z-axis or at 13 degrees 

with respect to the z-axis. There is no experimental data 

for the field direction in HoFe03, DyFe03 and SmFe03 (See 

Table 6). 

Table 10 is a comparison of the sites located by our 

modified search algorithm. As can be seen the muon sites in 

different RFe03 are quite similar. The standard deviation 

of muon positions in different RFe03 is on the order of the 

deviation of the lattice constants (See Table 7). From 

Figure 5 it is also seen that the temperature dependence of 
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oxides are similar. This is addded evidence that the muon 

behavior is similar in various magnetic oxides. 

Figure 12 shows the relationship between experimental 

field at these sites. It is well known that Neel tempera-

ture and superexchange intraction is proportional to the 
2 

value of cos 6 (24). As can be seen from this figure, the 

Holzschuh-1 and 2 sites have a nicely linear dependence on 

Cos^Ør but with different slopes; the Hofmann sités do not 

have a simple regular shape dependence with cos 6. This im-

plies that the superexchange interaction at Holzschuh-1 and 

2 sites is small but not at Hofmann sites. This agrees with 

the syrametry consideration, since the Holzschuh-1, and 2 

sites are on rare-earth oxygen plane. From these relationships 

we may be able to extract some knowledge about the covalency 

effect at these muon sites. Additional work is required to 

evaluate these covalency effects, which has been neglected 

in the present calculations. 
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CHAPTER V 

CONCLUSION 

From the dipolar calculation, the muon behavior is 

found to exhibit common features for the orthoferrite se-

ries. The existence of a muon-oxygen bond with a bonding 

length nearly lA, analogous to a hydrogen-oxygen bond, has 

been demonstrated. In the Gamma-4 spin configuration the 

internal field seen by a muon at the Holzschuh-1 site should 

be along the c-axis or in the direction of applied field for 

all of the orthoferrite series. The external field depen-

dence suggests that the internal field is controlled by the 

weak ferromagnetism. 

Several signals have been observed in RFe03 at low 

temperatures, which indicates that the muon can occupy sev-

eral different sites. These sites can be classified into 

two types according to the oxygen to which they are bonded. 

One is the Holzschuh-1 site, which is near the center oxygen 

of a slightly distorted square on the rare-earth oxygen 

plane (R-O plane). The others are the Hofmann site and 

Holzschuh-2 site, which are near the corner oxygen on the 

R-0 plane (See Figure 11). Because of the weak 

ferromagnetism, these two oxygens are located in 

magnetically inequivalent positions, although they are 

52 
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structureally and chemically equivalent. The Holzschuh-1,2 

sites are on or very near the R-0 plane. The Hofmann site 

is below R-0 plane, and was not found by Holzschuh et al. 

Since the R-0 plane is a reflection plane, there is also a 

site above this plane such that a pair of Hofmann sites be-

long to a single oxygen. 

Above room temperature the increased muon motion re-

sults in merging of the Holzschuh-1 and 2 sites causing the 

disappearance of one uSR signal (Holzschuh-2 site) as ob-

served for YFe03 and HoFe03 at about 250 K (See Figure 6 and 

Figure 13). This may indicate that the potential barrier 

between interstitial sites on R-0 plane is lower than for any 

other planes. Thus the muon can more easily diffuse on the 

R-0 plane than between different planes. The depopulation 

of the Hofmann site at a lower temperature indicates that 

this site is the most unstable one, therefore as the temp-

erature increases the amplitude of Hofmann site is de-

creased. This may also qualitatively explain the small bump 

in the relaxation rate shown in Figure 5. 

The difference in the internal fields of the Holzschuh 

and Hofmann sites are shown by the relationship between the 

experimental local fields and the Fe-O-Fe bond angle,(ip 

Figure 11). The field at the Holzschuh-1 site varies 

linearly with Cos^(e). The other sites fall on a different 

. : . . ^ t > £ ^ •:•-.!.. 
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line, with insufficient data in a single spin configuration 

to determine the exact shape. The calculated dipole fields 

for the Holzschuh-2 site in each configuration also yield 

straight lines with the same slope for Gamma-2 and Gamma-4, 

but different from the slope for the Holzschuh-1 site. 

Since the Fe-O-Fe bond angle and Fe-0 distance does not 

vary much for whole rare-earth orthoferrites series (Ref. 

22,23), and the muon behavior is similar in RFe03, the muon 

bonding sites in the whole rare-earth orthoferrite series 

should not deviate much from these curves. 

Finally as the detailed behavior of the muon in its own 

environment becomes better understood, the uSR technique may 

be used to study other physical effects of interest; for ex-

ample, Order-Disorder effect, Electron-Phonon interactions 

Spin and Charge-Fluctuations, etc. Because the short dead 

time of uSR, signal often remain visible through the regions 

of magnetic phase transitions. This yields valuable infor-

mation about order-disorder effect in host materials. Also 

since the static local magnetic fields at muon sites are 

sensitive to spatial distributions of electronic charge and 

spin, the variations of the signal give information on the 

thermal spectrum of the spin system. A resent investigation 

of Magnetite the (13) has demonstráted that these effects 

can be observed in the uSR data. 
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As the formation mechanism of the various muonic states 

in materials becomes established, uSR may prove to be a very 

powerful tool in materials science research. It is expected 

that the potential calculation may be able to answer those 

important unknown questions. The main task of the potential 

calculations in rare-earth orthferrites will be to build up 

a model to explain all the RFe03 uSR data consistently and 

the formation mechanism of the muon-oxygen bond state. 

This includes (1) to confirm the muon-bonding sites, (2) 

to understannd the contribution of superexchange interaction 

to local fields at the muon sites, (3) to explain the re-

laxation mechanism quantitatively, (4) to find the muon hop-

ping path, (5) to explain the variations of the signal with 

temperature, and (6) to understand the formation mechanism 

of muon-oxygen bond states. 

All these questions are to be undertaken as part of 

the author's Ph.D dissertation and will be reported in the 

near future. 
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