
MUON BONDING IN SUPERCONDUCTING CUPRATES 

by 

TERRY RAY ADAMS, 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 

December, 1990 



ACKNOWLEDGEI\1ENTS 

The author wishes to thank Dr. Roger Lichti and Dr. Tom Gibson for their patience, 

guidance and encouragement during the last two and one half years. They never failed to 

answer my steady flow of questions. Thanks. Also I would like to thank Dr. Lamp for the 

many discussions on this work and for his friendship and encouragement. I am deeply 

indebted to my partners in crime Greg Osterman, Mustapha Hatab and David Lamp. 

Without their encouragement and companionship I would have been swept away like many 

other American graduate students. I wish to thank Sterrett Collins for all his help with the 

VAX computer system and Dave McGaughey for his indispensible knowledge of 

DISSPLA. My love goes out to Gwen Pallissard for all the love and support she has 

shown and given me throughout this whole ordeal. Her editing skills and company were 

priceless. Enough good things cannot be said about the lovely ladies in the physics office 

who have unselfishly helped me when I was in need. I appreciate all the help and caring 

they gave me. Many thanks goes out to the Leaf, Inc., and Coca-Cola company for 

producing Milk Duds and Dr. Pepper, which were my staple of life during most of this 

work. Finally I would like to thank the Robert Welch Foundation and my parents, Tommy 

and Florrie, for their financial support of this research and my education. To my sister? 

Teresa, who helped fmance this document, I wish only to say thanks and I love you. Also 

I would like to express my gratitude and love to my family for their love and support over 

the last 27 years, they have always been there for me when I needed them. Thanks. 

11 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS.......................................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . u 

ABSTRACf . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v 

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . VI 

LIST OF FIGURES .............................................................................. vtt 

1. INTRODUCfiON...... .. . . .. . . . . . . . . . . . . .. . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 

2. MUON SPIN RESEARCH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 

3. COPPER OXIDE IDGH TEMPERATURE SUPERCONDUCfORS . . . . . . . . . . . 9 

Rare-Earth Barium Copper Oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 

Crystal Structure ........................................................... 10 

Electronic Structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 

Magnetism and Superconductivity ....................................... 13 

4. MODELING MUON BONDING IN COPPER OXIDES .......................... 21 

First Step Quantum Model of Muon Bonding ................................... 23 

Computational Methoos ................................................... 24 

Basis Set ........................................................... 25 

~-0 Bond Calculation ............................................ 26 

RBCO Crystal Simulation ................................................ 27 

0( 1 )-Cluster ....................................................... 2 8 

0( 4 )-Cluster ....................................................... 28 

5. RESULTS ................................................................................ 40 

Muon Positions ..................................................................... 41 

0( 1 )-Cluster Results ....................................................... 42 

0( 4)-Cluster Results ....................................................... 43 

Ul 



Fully Oxygenated ................................................. 44 

Oxygen-Deficient .................................................. 46 

6. CONCLUSIONS ........................................................................ 57 

REFERENCES .................................................................................... 59 

APPEND IX ........................................................................................ 61 

IV 



ABSTRACf 

A quantum chemistry calculation has been carried out to determine the sites occupied 

by the positive muon (Jl+) probe in the rare-earth barium copper oxides (RBCO). A J.L-0 

bond formation was assumed. Calculations for an isolated closed-shell (OJ.L)- molecule 

were performed using a Hartree-Fock-Self-Consistent-Field (HF-SCF) computer code 

employing Gaussian orbitals. The molecule was embedded within a cluster of point 

charges used to simulate the different local RBCO environments associated with the 

bridging and chain oxygen sites in the RBCO. 

The results are consistent with site predictions for classical Morse-like potentials and 

possible site regions located experimentally using zero-field J.LSR frequencies and proposed 

magnetic structures for the antiferromagnetic phases of RBCO. But the sites found are 

very sensitive to the point charge assignments of the clusters. Two types of sites are 

found: 1) O .. J.L-0 and 2) J.L-Cu depending on the choice for point charge distributions. The 

first site is consistent with a O .. J.L-0 bond chemistry when reasonable chain covalences are 

assume<L but results for higher charges on the chain copper implies a J.L-Cu type muon site. 

Because of the change in sites due to variation in the point charge distribution, we conclude 

that an accurate model of the RBCO chemistry is needed before muon bonding can be 

accurately modeled. 
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CHAPTER 1 

INTRODUCTION 

This research was started in an attempt to understand the localization and diffusion of 

the positive muon (J.l+) in the interstitial regions of superconducting cuprates. The positive 

muon, which is used as a microscopic magnetic probe in muon spin rotation and relaxation 

(J.l.SR) techniques, can provide structural and dynamic information about magnetic 

materials on an atomic scale. The materials of interest in this research are the 

superconducting cuprates or high-temperature superconduc~ng (IITSC) oxides, 

specifically the rare-earth barium copper oxides (RBCO). We believe our model is the first 

attempt to introduce quantum chemistry to the problem of muon bonding and localization. 

J!SR has provided important details of the properties and phase diagrams of the 

HTSC. Early J.LSR measurements gave the bulk magnetic field penetration depths in the 

superconducting phase [1], and yielded the ftrSt evidence of the copper antiferromagnetic 

(AFM) phases in the HTSC [2]. J!SR can yield a whole host of information about the 

internal magnetism of the HTSC, but without accurate and detailed knowledge of the muon 

probe site, specific details such as the magnitudes of local magnetic moments and 

independent ordering schemes for the Cu AFM phases are hard to determine. This work is 

an effort to understand more about muon localization in HTSC. 

Prior to this work, muon localization has been modeled by classical potential 

approximations which have had some success at matching muon sites to experimental 

measurement. One of the limitations these models have is that the potential used for the 

muon bond does not have the ability to relax or change with the local environment. In an 

effort to bring a more realistic bond potential into the problem, we have used a quantum 

molecular code to calculate the muon bond in the local HTSC environment This has taken 
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the problem of muon bonding to a higher level of physics that can quickly become very 

complex. 
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Our model has been kept relatively simple by assuming a single muon bond 

(muon-oxygen). This bond was embedded into an array of adjustable point charges used 

to simulate the local HTSC environment. The muon-oxygen orbitals were allowed to relax, 

then the overall energy of the system was calculated. The muon was repositioned and this 

procedure was repeated In this way we could look at the variations in the potential energy 

and the bond directions as a function of the local HTSC environment 

In Chapter 2, a brief introduction to muons and ~R is presented. Also, some of the 

muon's basic properties and their importance to J..LSR are discussed, followed by a brief 

discussion of the J..LSR technique. Chapter 3 reviews some of the relevant properties of 

RBCO materials, such as the crystal, electronic and magnetic properties. Chapter 4 

discusses some characteristics of muon behavior in HTSC and presents our model for 

muon bonding. The results are presented and discussed in Chapter 5, with the conclusions 

in Chapter 6. 



CHAPTER2 

MUON SPIN RESEARCH 

The muon was discovered in 1937 by Neddermeyer and Anderson and was the first 

unstable elementary particle observed. The muon occurs in two charge states, J..L + and J..L-, 

and has a rest mass equal to one-ninth the mass of a proton, and 207 times the mass of the 

electron. In J..LSR research of the HTSC materials only the J..L + is used. A list of muon 

properties important to J..LSR are found in Table 2.1. 

J..LSR is a form of magnetic resonance spectroscopy and relies on two processes: 1) the 

intrinsic polarization of the muons during their production from pions, and 2) the 

anisotropy of the positron emission in their subsequent decay. These processes are 

described by the decay scheme below. 

+ + 
1t ~J..L +VIJ. 

+ + -
J..L ~e +ve +VIJ. 

('t7t = 26 ns) 

( 'tjJ. = 2.2 J.lS) ' 

where a positive pion (7t+) decays into a positive muon (JJ.+) and a muon neutrino (vJ.L). In 

tum the J.l.+ decays into a positron, an electron antineutrino <Ve), and a Vw Both processes 

violate parity conservation as was frrst established by Garwin in 1957 [3]. Given that the 

neutrino has a defined helicity, conservation of angular momentum ensures that the muon is 

longitudinally polarized in the pion rest frame. The initial polarization is substantially 

maintained throughout the path of the muon beam and also in the implantation process. 

Once implanted into the sample, the muon itself decays with a mean lifetime of-2.2J..Ls into 

a positron, an electron antineutrino and a muon neutrino. Since this is a three body decay 

of a particle with spin 1/2 and a left-handed neutrino, the positron is emitted preferentially 
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in the muon spin direction. The highest energy positrons exhibit an anisotropy of close to 

100%, but averaged over all possible positron energies, the anisotropy is about 30%, as 

seen in Figure 2.1 [ 4]. The angular distribution of the positron intensity is 

P ( 8) = 1 + acose, where a is the asymmetry parameter. Corresponding to the energy 

anisotropy, the asymmetry parameter a is equal to 1 for the highest energy positrons and 

equal to 1/3 for the average over all positron energies. 

A basic representation of the ~SR technique is shown in Figure 2.2 [ 4]. A polarized 
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beam of muons is directed into the experimental set-up. A degrader, typically graphite or 

polyethylene, is employed to reduce the incident energy of the muon on the sample to 

permit a uniform implantation distribution. The degrader's thickness is adjusted to 

maximize the stop rate in the sample. When the muon is implanted into the sample, it tries 

to localize in the regions of lowest electrostatic potential. The muon localizes in tenths of a 

nanosecond which is fast enough to retain the initial polarization. The muon's spin 

moment then starts to precess in the local magnetic field in the sample. The muon 

precesses at its corresponding Lannor frequency, given by the muon gyromagnetic ratio 

equal to 'YJ,Jf21t = 136 MHz T-1. Depending on the time scale of fluctuations in the system 

being analyzed, the muon polarization may relax toward an equilibrium value along the 

internal field direction. Once the muon is implanted it decays releasing a positron 

preferentially in the instantaneous muon spin direction with a probability distribution as 

mentioned earlier. A set of scintillator counters are used to detect the positron and the 

direction it left the sample. In time-differential ~SR the number of decay events along 

various directions are recorded as a function of the time from implantation to decay. 

From a standard analysis of ~SR data one can obtain the muon precession frequency 

and the rate at which the muon polarization relaxes. The frequency of these signals provide 

a direct measure of the average magnetic field that the muon experiences. The relaxation 

functions characterize the spatial or temporal variation of these local fields. The associated 
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rate constants measure the distribution of local fields or the fluctuation rates of these fields. 

The J!SR frequencies and relaxation functions provide a microscopic snapshot of the local 

magnetic environment at the muon stop-site. If the muons localize at identical sites within 

the lattice and experience identical fields, they precess in phase and the magnitude of their 

initial polarization is preserved. Any variation of the local field between different muon 

sites results in dephasing as the spins precess and a gradual loss of polarization occurs. 

This progressive depolarization in a distribution of static fields is described by a Gaussian 

relaxation function. If the muon is diffusing rapidly or the local fields are fluctuating 

rapidly the relaxation function is exponential. In either case, the rate constants measure the 

variation of local fields. In a typical experiment in the superconducting HfSC phase, the 

magnetic field penetration depth is obtained from the Gaussian relaxation rate constant. 

Assuming the complete structure of the magnetism is known, then the J!SR frequencies 

from the antiferromagnetic phases can provide the data to locate the muon stop sites. 



TABLE2.1 

MUON PROPERTIES 

Mass 106MeV 
200me 
0.113 mp 

Spin 1/2 

Lifetime 2.197 J.lS 

Magnetic moment 4.49 x1o-26 J!f 
3.183 Jlp 

Gyromagnetic ratio 136 Mhz T-1 
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Figure 2.1: Angular distribution, P(8), of 
positrons from muon decay. 
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Figure 2.2: Representations of (a) muon implantation, (b) muon spin 
rotation and (c) disintegration of the muons and detection of the emitted 
positrons. 
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CHAPTER3 

COPPER OXIDE IDGH TEMPERATURE 

SUPERCONDUCfORS 

Since Bednorz and Muller's discovery in 1986 of the copper oxide high-temperature 

superconductors (HTSC) [5], there has been a tremendous effort to characterize and 

understand these materials. These efforts led to the discovery of other copper oxide HTS C 

systems [6] based on and similar to the La-Ba-Cu-0 (LBCO) material produced by 

Bednorz and Muller. For example, in 1987, Wu discovered that by replacing La with Y in 

LBCO that he could produce a superconductor with 90K critical temperature. This HTSC 

was later identified as YBa2Cu307 (YBCO). It is sometimes called a 1:2:3 compound. 

There are other systems, too many in fact to possibly study in the time period given for this 

research. So for the purposes of this work only the rare-earth barium copper oxide 

(RBCO) system will be examined. The basic properties of importance to this research are 

the crystalline, electronic, and magnetic structures of the RBCO system [7]. These 

properties are interrelated, but there is little agreement on exactly how. The crystalline and 

electronic structures will be important to muon bonding, because muon localization is 

primarily dominated by the electrostatic interaction and not by the magnetic interactions. 

The magnetism of these materials provides the experimental means for determining details 

of the local environment where the muon is localized. 

Rare-Earth Barium Copper Oxide 

For RBCO, the rare-earth ions La, Nd, Sm, Eu, Gd, Ho, Er, and Lu are substituted at 

the Y -site of the YBCO [8]. It may seem that many different systems are produced by this 

ion substitution, but the crystal structures and electronic properties of most of these RBCO 
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systems are similar to the YBCO compound and exhibit superconducting transitions near 

90K. It is important to note here that not all rare-earth ion substitutions produce a structure 

similar to the YBCO compound and/or exhibit superconductivity (SC). For example, the 

rare-earth ions Tb and Ce do not form the 1:2:3 compound; Pr produces a stable 1:2:3 

compound, but it is not superconducting. Despite these facts, some simple knowledge of 

the 1:2:3 compound covers all of the relevant RBCO systems. 

Ctystal Structure 

Several features of the crystal structure and properties of RBCO change as the oxygen 

content is varied. Oxygen content controls the crystal symmetry, the valence of the ions, 

whether the material is an insulator or a metal, and whether the material is magnetic or 

superconducting. In general, the full range of oxygen variation in RBCO can be written as 

RBa2Cu307-x where 0< x <1. As x increases, oxygen vacancies are created in the Cu(l) 

chains, and the symmetry of the structure switches from orthorhombic to tetragonal. A 

typical phase diagram for the tetragonal to orthorhombic transition is seen in Figure 3.1 

[9]. The transition point is at 0.35< x <0.65 and x depends on the rare-earth ion that was 

substituted and on the sample preparation conditions. H the sample is cooled slowly then 

the oxygen vacancies tend to order strongly, but rapid cooling freezes in the high 

temperature disorder. H the vacancies order, the orthorhombic symmetry is retained to 

larger x values than if the vacancies are disordered. 

Because of the variation in the material, it would be helpful to look at the cases x=O 

and x= 1 for which there is good agreement on the structure and its related properties. This 

gives us the two extremes of the material and leaves the intermediate x region to examine 

later. The ftrst extreme is the RBa2Cu307 structure which forms with orthorhombic 

symmetry. The material is in a metallic state and is a superconductor with T c S 90K. The 

unit cell for this structure, illustrated in Figure 3.2, has two inequivalent Cu planes. One 
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lies between the Ba planes, consists of Cu-0 chains, and forms the basal plane of the unit 

cell used here. The other, located between the Ba plane and R-site, is formed by an 

approximately square planar arrangement of Cu and 0 ions and is described as Cu-0 planes 

or layers. The chains consist of Cu( 1) and 0( 1) ions along the b-ruds. The Cu( 1) also 

shares the 0(4) ions which lie above and below it on the c-ruds so that the Cu(l) atom is 

four-fold coordinated with the 0 ions. The layers consist of Cu(2) ions sharing 0(2) and 

0(3) ions in the planar configuration. Cu(2) also is bonded to the apex or bridging 0(4) 

oxygen resulting in a 5-fold coordinated copper site. The 0(2) and 0(3) are displaced 

slightly out of the Cu(2) plane toward the R plane. 

The second extreme is RBa2Cu306 which has tetragonal symmetry. The material is 

an insulator and antiferromagnetic. The main difference between this and the orthorhombic 

structure is that the 0(1) ions are removed from the chains leaving Cu(1)(0(4))2 dumbbells 

along the c-axis, as seen in the unit cell illustrated by Figure 3.3. The copper oxide 

materials share a predominant feature, the existence of square Cu02 layers separated by 

"ionic" regions. These two independent Cu planes are important structural features of the 

RBCO, but the relative importance and specific roles of the planes versus the chains is not 

yet fully determined. 

Electronic Structure 

Now that a picture of the crystal structure is laid out, exactly what is the valence on 

each ion? The picture of the electronic structure for RBCO is not as clear cut as the crystal 

structure. Because of the complexity of the structure, questions of the ionicity and 

covalency in the bonds arise. A concept that can be useful in describing physical models is 

one of "formal valence" as described in Pickett [7]. Formal valences are integral charges, 

and their sum over the unit cell must be zero. The concept of formal valence works well 

for ionic crystals since the valence closely approximates the actual charge on the ion. 
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However, when trying to assign charge to ions in a covalent/metallic-like system, the 

valence concept can fall short of properly describing the electron distribution in the system. 

The formal valences in the HTSC are clear for many of the ions, but there is an 

unanswered question concerning the Cu and 0 valences for the RBa2Cu307 material. The 

formal valency of RBa2Cu307 can be written as R3+(Ba2+)2(Cu2+)2(Cu3+)(02-)7. The 

R 3+ and Ba2+ ions provide a framework in which the copper oxide system is bound. The 

Cu(2) in the planes are assigned the charge 2+, leaving a 3+ charge for the Cu(l) in the 

chains. This formal valency seems to fit the material, except RBa2Cu307 is a 

covalent/metallic-like system. Experimentally there is little, if any, evidence that Cu3+ 

exists in these oxides [10]. Therefore, other formal valence schemes need to be considered 

for this system. If the chain coppers are assigned 2+, then there is one hole to be 

distributed on the normal charge states for the Cu and 0 to achieve the unit cell 

electroneutrality. This extra hole causes problems in the valence picture for RBa2Cu307 

and is the key to understanding the normal state electrical and magnetic properties. 

Assigning non-integral charges to some of the coppers and/or oxygens is a way around the 

valence problem in the 1:2:3:7 compound. The most common approach is to label the 0 

ions 2-, leaving only the Cu ions to be assigned a charge. A scheme that works nicely is to 

assign a 2.33+ to each Cu ion, yielding R3+(Ba2+)2(Cu2.33+)3(02-)7. Contrary to this 

scheme, there is spectroscopic evidence that the coppers are 2+ in both the planes and 

chains [11]. By assigning the Cu ions a 2+ charge, the 0 ions would be left as 1.86- if the 

charge is equally distributed among all seven oxygens. 

One band structure model [7] that is used often, places the unassigned hole in a mobile 

state within the Cu(2) "planes" yielding a 2-D metallic character to the fully oxygenated 

1:2:3:7 compound. The physical motivation for non-integral charge assignments in the 

chain regions is that the Cu(l) is four-fold coordinated with 0(4) and 0(1), with the four 

oxygens approximately the same bond distance from the Cu( 1) leading to covalency which 
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could give the chains in this compound a metallic character as well. There has been some 

evidence that this small cluster (Cu04) is "partially" covalent. The absence of a Cu2+ EPR 

signal in the metallic/superconducting compound implies that none of the Cu ions are truly 

in the static 2+ ionic state. The covalency would make it hard to determine an exact valence 

for the Cu ions. One can see from this discussion that a formal valence does not apply 

easily to fully oxygenated RBCO. The question of where the "extra" charge resides 

remains unresolved. Experimental probes with different time scales provide conflicting 

evidence suggesting a dynamic system with valence and spin fluctuations. 

Since RBa2Cu306 is an ionic insulator, a formal valency is easier to apply. When the 

0(1) is removed from the chain it leaves as a neutral oxygen. This means there are two 

electrons left behind to be distributed throughout the unit cell. One of these neutralizes the 

extra hole present in the fully oxygenated system, while the second apparently localizes in 

the 0(4)-Cu(l)-0(4) dumbells. The Cu(l) is assigned a charge of 1+, and the formal 

valence can be written R3+(Ba2+)2(Cu2+)2(Cul+)(Q2-)6. This formalism appears to fit 

the compound quite well leading to Cu plane magnetism, but there are no moments at the 

copper chain sites. Experimentally this is a reasonably good representation of the x= 1 

compound [7]. The electronic structure of the oxygen depleted RBCO therefore can be 

represented by an ionic model which we will use as a starting point in modeling the muon 

behavior in the RBCO materials. 

Magnetism and Superconductivity 

The magnetic properties of the RBCO materials have received a lot of attention in 

hopes that an effort to understand the electronic and magnetic behaviors would lead to an 

understanding of the superconductivity in these materials [ 12]. Even if the magnetism is 

not the origin of the superconductivity, the Cu-0 "planes" are important to both the 

magnetism and superconductivity. Magnetic ordering in RBCO has been observed for both 
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the "plane" and "chain" Cu moments when x > 0.6 and for the rare-earth moments. Since 

not all rare-earth ions are magnetic, and the ones that are seem to be decoupled from the 

superconductivity, we will concentrate on the Cu moments. 

Magnetism and superconductivity in RBCO are very sensitive to the oxygen content in 

the Cu "chains." A typical phase diagram of this sensitivity is shown in Figure 3.4 [12]. 

For small values of x, the material is an orthorhombic superconductor, while for large x it 

is a tetragonal antiferromagnetic (AFM) insulator. In the small x regime, there has been no 

evidence that Cu magnetism exists. Therefore, it appears that either Cu antiferromagnetism 

or superconductivity exists, with an abrupt phase boundary near x = 0.6. There is some 

evidence suggesting a narrow co-existence region across the AFM/SC boundary, however, 

this is not conclusive because of the inhomogeneity of the present materials. Above T c, the 

superconducting material is metallic and, if Cu moments exist, they are paramagnetic (PM). 

Since there is little magnetism in the small x regime, we will concentrate on the large x 

regime, where the magnetism is quite interesting. In this region AFM ordering has been 

observed on both types of Cu sites. As seen in Figure 3.4, there are two transition, or 

Neel, temperatures, TN. There is a high-temperature transition, TNJ, which is associated 

with the Cu "plane" moments, and a low-temperature transition, TN2, usually assigned to 

the Cu "chain" moments, despite the formal valence of 1 +which implies no magnetic 

moment, at least when x= 1. 

Neutron scattering measurements provide details of the various magnetic phases. At 

the high-temperature transition, TNJ, the Cu spins couple antiferromagnetically within the 

Cu "planes" with a moment of -Q.65J.lB, while the Cu "chain" spins remain disordered or 

perhaps have no any localized moments. Also the moments in the adjacent Cu "planes" 

arrange antiferromagnetically in a + - + - + - sequence along the c-ruds as shown in 

Figure 3.5(a) [12]. TNJ occurs at temperatures as high as 500K for x=l and becomes 

smaller as x decreases. For some range of x, at lower temperatures TN2 <TNJ, the Cu 
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"chain" spins order antiferromagnetically with a moment of -Q.35J1B (with a moment of 

-o.8J1s on the "plane" coppers). The magnetic structure consists of a simple anti parallel 

arrangement of nearest neighbors in the Cu "chains" just as it was for the Cu "planes." The 

second transition also involves a change in the previous order so that the overall 

configuration along the c-axis becomes a+-+-+- sequence including both the "plane" 

and "chain" coppers as shown in Figure 3.5(b) [12]. The low-temperature transition is not 

as well established as the high-temperature transition, but more and more evidence seems to 

support a low-temperature transition with small moments on the chain coppers. The T N2 

are maximum for x values in the middle of the AFM phase and tend toward zero at x= 1. 

It is of interest to note that the magnetic rare-earths show AFM ordering at very low 

temperatures. The TN is approximately 2.5K or below for most R-ions and for all oxygen 

concentrations. This means the rare-earths show AFM ordering during the super

conducting phase [13], and that superconductivity and the rare-earth magnetism co-exist. 

This is one reason it is believed that the rare-earth magnetism is fully decoupled from the 

superconductivity. Such a picture suggests that the supercurrents are totally confined to the 

2-D Cu02 planes, with perhaps 1-D currents in the chains when xis near zero, but that no 

3-D superconductivity is present. 



Figure 3.1: Phase diagram of the lattice 
parameters, a and b, vs oxygen deficiency for 
RBa2Cu30?-x· 
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Figure 3.5: (a) The basic spin structure for 
the Cu moments at high temperature, the Cu 
moments in the chains (small circles) are 
thermally disordered; and (b) basic spin 
structure for the Cu at low temperature. 
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CHAPTER4 

MODELING MUON BONDING IN COPPER OXIDES 

When a positive muon is implanted into an oxide, or any other solid, it slows to 

thermal velocities in less than 10 -10 seconds. The rate at which it thermalizes depends on 

both the material and temperature. The muon will stop at an interstitial site approximately 

1000 Angstroms away from where it was initially introduced [14]. Even though the muon 

is first and foremost a microscopic magnetic probe, its localization is primarily dependent 

on electrostatic and not magnetic interactions. Because of the electrostatic dependence, the 

positive muon will, in general, be attracted to the negative oxygen ions in the oxides. A 

muon also can lower its energy by acquiring an electron to form a muonium atom. 

However, at this point in J.LSR research, it is more or less agreed that the positive muon 

forms a muon-oxygen (J.L-0) bond in RBCO materials, which is consistent with earlier 

work on ordinary transition metal oxides [ 15]. 

Exactly where the muon localizes is not known. Previous studies suggest that the 

muon site is located near the oxygens in the "chains" or "planes" depending on whether the 

host RBCO is the oxygen rich or depleted case, respectively. There remains some 

disagreement as to exactly where in these regions the muon rests. With J.L-0 bond 

formation there is at least one low potential area near each oxygen ion. This can lead to 

multiple muon rest sites, which is the most likely possibility. At low temperatures, the 

muon's thermal energy may be low enough for some fraction of muons to become trapped 

in so-called metastable sites, thus giving more than one frequency. Experimentally, more 

than one frequency often is found in the RBCO materials. As the temperature is raised, the 

muon's thermal energy eventually increases so that the muon migrates to the most stable 

site, or lowest potential. Because the possible sites will have different local fields in any 

21 
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magnetically ordered phase, ~R gives several distinct muon frequencies. If the muon is 

hopping from one site to another, then-depending on the hopping rate-an average 

frequency may be observed, or the frequency linewidths may simply increase. 

Prior to this work, magnetic dipole and classical potential calculations were used to 

make site determinations. Magnetic dipole calculations can yield the site if the magnetic 

structure and the muon spin precession frequencies are known. An initial site search by 

Chan [16] using zero-field frequencies and linewidths for rare-earth AFM phases gave the 

first clear evidence of a J,l-0 bond site in RBCO materials. When the calculated dipole field 

from the Gd magnetic structure for RBCO matched the experimental magnetic field from 

zero-field frequencies and the observed linewidths matched the calculated second moment 

from nearby nuclear spins, that site was considered a good candidate. This search gave 

sites consistent with a J,l-0 bond at the "chain" oxygen, but was inconclusive as to the bond 

direction. 

One way to narrow down the list of candidate muon sites is to model the localization of 

the muon. A logical step is to approximate the electrostatic interaction of the muon with the 

RBCO system. Classical potential energy calculations by Dawson [17] and Halim [18] 

were performed assuming J,l-0 bond formation. A Morse or Morse-like potential was used 

to simulate the J.L-0 bond, and a Coulombic potential was included for the nearby ions. 

Positions yielding the lowest electrostatic potentials were then used to check for a 

reasonable match to calculated magnetic dipole fields. For details of the potential sites 

predicted by this method and their corresponding frequencies refer to Dawson [ 17] and 

Halim [18]. As expected, each oxygen ion was found to have at least one local potential 

minimum associated with it Rough field matching resulted in five possible sites which are 

summarized in Table 4.1 [17,18]. This previous work assumed a fixed potential curve 

simulating the J,l-0 bond and gave reasonably good results, although the muon sites were 

not fully consistent with experiment The reasons that classical potential calculations may 
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be only partly successful on site location are: 1) it is not clear what the JJ.-0 bond potential 

should be, and 2) there is presently no accurate model for the electronic structure of RBCO. 

In an effort to achieve a more accurate picture of the JJ.-0 bond potential for the current 

project, a quantum calculation for an (OJJ.)- molecule is performed. The molecule is 

embedded into a small cluster of point charges to simulate the RBCO environment. This 

treannent allows us to qualitatively study how the JJ.-0 bond potential is affected by the 

RBCO chemistry. If the resulting potential is affected drastically, then the classical 

calculation may be inadequate to give a clear picture of the stability of the muon site. A 

description of our model and the details of the calculation are presented in the remaining 

part of this chapter, while the results are discussed in Chapter 5. 

First Step Quantum Model of Muon Bondin~ 

Now that some background about muon bonding and localization has been presented, 

the model used to simulate these processes can be described The procedure uses a 

molecular structure code called POLY ATOM [19]. The code, which is a system of 

computer programs, uses a molecular orbital self-consistent field (MO-SCF) approach 

employing Gaussian basis sets. POLY A TOM can be used to compute the electronic wave 

functions and corresponding derived properties. Here it is used to calculate the JJ.-0 bond 

in its (approximate) local environment The calculations are performed using three separate 

computational facilities, Texas Tech Physics Department (Micro VAX m, Texas Tech 

Academic Computing Services (VAX 8650-11n8o cluster), and Los Alamos Meson 

Physics Facility (LAMPP) (VAX 8650-8650 cluster). 

Three basic assumptions are made for this model: 1) a muonium atom is 

indistinguishable from a hydrogen atom, 2) a JJ.-0 bond forms a closed-shell (OJJ.)-

molecule, and 3) point charges can be used to represent the crystal environment for RBCO. 

We feel these assumptions keep the model as simple as possible, yet reasonable enough to 
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yield useful information about muon localization in the rather complex RBCO environment. 

Lattice relaxations and polarization effects of the ion background are neglected because of 

the complexity they would bring to the problem. Before describing the details of the 

model, a brief overview of the procedure will be presented. 

The calculation of the ground state energy for the closed-shell (OJ.L)- molecule was 

performed using intermediate sized basis sets with only 0 and J.L centered wave functions. 

This basis was found to give reasonable values for the orbital and total system energies, as 

compared to previous work for an (QH)- molecule [20]. The (OJ.L)- molecule was then 

embedded in a cluster of point charges chosen to simulate the local RBCO environment. 

The point charges were treated as additional nuclei, but had no associated basis functions. 

Once the charges were selected, the (OJ.L)- orbitals were allowed to relax and the total 

system energy was calculated. The muon position was then changed slightly, and the 

calculation was repeated. The trends in the variation of energy due to the muon bond 

direction and RBCO environment were recorded. The major advantage of this approach 

over previous work is that the electron distribution on the (OJ.L)- molecule is allowed to 

relax at each muon position. This yields a more realistic picture of the total system energy 

than the previously mentioned parameter-dependent classical potentials. 

Computational Methods 

The energy of the closed-shell (OJ.L)- molecule is calculated within the restricted, 

self-consistent-field Hartree-Fock-Roothan (SCF-HFR) approximation [21]. The 

SCF-HFR method is based on the linear combination of atomic orbitals to build 

molecular orbitals (LCAO-MO). For "atomic" orbitals, the code uses primitive Cartesian 



Gaussian-type orbitals (GTO), which have the form 
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N(x 1 y m z n)e- a.r A 

A A A , 
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where a. is the basis function exponent. Cartesian GTO's are used because the molecular 

integral formulas can be obtained in closed form [22]. Among the results produced by 

POLY A TOM are the orbital, kinetic, electronic, nuclear repulsion and HF energies. The 

HF energy is the calculated total energy of the system, in other words, the energy it takes to 

separate each individual particle an infmite distance. Also included in POLY A TOM is a 

Mulliken population analysis that gives the gross atomic populations (GAP) [23]. The 

GAP is a particularly useful estimate of the electron population among the atomic centers; it 

is basically the net atomic population plus half the overlap population. This gives a 

reasonable approximation of the electronic population on each center, even though there is 

not a clear distinction in the molecular picture. Changes in the GAP, however, do provide 

an easy way to discuss changes in the charge distribution within the (OJJ.)- molecule. 

Basis Set 

The frrst step in starting the calculation is choosing a good basis set for the (OJJ.)-

molecule. Initially, we started with an uncontracted (9s5p) set of basis functions on the 

oxygen center and a (5s) set on the muon [24]. The muon is treated as a nuclear center of 

charge +e with basis functions identical to those suggested for hydrogen. To obtain better 

accuracy for this molecular calculation, the set is augmented by polarization functions. One 

d-type and two p-type polarization functions are added to the oxygen and muon, 

respectively. The three polarization functions are found by converting the exponential 

constant for Slater-type functions to Gaussian-type functions as described by 
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Dunning [25]. Polarization functions are necessary to describe the distortion in the atomic 

orbitals resulting from molecular formation, and without polarization functions the 

molecular energy cannot reach the Hartree-Fock limit. The Hartree-Fock limit represents 

the best possible single configuration result. Finally, by continuing the geometric 

progression of the exponents, two additional diffuse p-type functions are added to the 

oxygen basis and one additional p-type function is added to the muon basis. The diffuse 

functions improve the overall flexibility of the basis and result in a better description of the 

outermost charge distribution. The basis sets are balanced according to the rules described 

in Huzinaga [26]. A listing of the basis function exponents, a, is given in Table 4.2. The 

final basis set has 50 functions and can be identified as the (9s7p1d/5s3p) basis. 

J..L-0 Bond Calculation 

In our (OJ..L)- calculation there are five orbitals and, since it is a closed shell system, 

there are ten electrons. Using the final basis set (9s7p1d/5s3p) the ground state energy for 

the (OJ..L)- molecule first is calculated as a function of internuclear distance. Figure 4.1 

shows the plot of the (OJJ.)- potential energy curves for the (9s7p1d/5s3p) and 

(9s5p 1 d/5s3p) basis sets as compared to the near Hartree-Pock results of Cade [20]. It can 

be seen that the (9s7p1d/5s3p) curve is a little deeper than the (9s5p1d/5s3p) curve and not 

quite as deep as the curve calculated by Cade. The (9s7p1d/5s3p) ground state energy of 

the (OJ..L)- at an equilibrium internuclear separation of 1.8 Bohr (ao) yields -75.4079 

Hartrees, compared to the value of -75.4157 Hartrees from Cade [20]. We do not expect 

to obtain identical values due to differences in basis sets, only comparable results. As 

another check for the calculations, we look at the orbital energies to see if they are 

reasonable. A listing of the calculated total energies and orbital energies can be found in 

Tables 4.3 and 4.4. The (9s7p1d/5s3p) orbital energies are within about 2% of Cade's 

energies when the muon (or hydrogen) center is relatively close to the oxygen center. But, 
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when the separation distance increases to 2.40ao, the difference begins to increase for the 

7t, or outer, orbitals. Since the outer orbitals are considered the bonding orbitals at these 

large separations, then the accuracy of our model may be breaking down. When the 

separation distance is greater than 3.0ao even qualitative results should be considered 

suspect and not taken too seriously. To improve the calculation one could add more basis 

functions, but the number of two-electron integrals in the calculation varies roughly as the 

number of basis functions raised to the fourth power. This would increase the amount of 

computational time which can become unreasonably large on the available facilities. 

Therefore, a balance between improving the accuracy of the calculation and the 

computational time must be met. We feel the accuracy and computational time of our (0~)-

calculation is reasonable enough for the remaining calculations. 

RBCO Ctystal Simulation 

To simulate the RBCO environment, a crystal cluster of point charges is used This is 

done in POLY ATOM by arranging additional nuclei at atomic sites corresponding to the 

RBCO crystal. The additional nuclei are treated as adjustable point charges without any 

associated basis functions. Now the question is where to center the (01J.)- molecule and its 

surrounding point charges. Since the muon seems to have at least one site associated with 

each oxygen and the sites change depending on oxygen content, we concentrate on the 

chain oxygens, 0(1), and the "bridging" oxygens, 0(4), as seen in Figure 4.2. These two 

oxygens are of the most interest because the valence of each may change when the oxygen 

concentration changes. Basically, two different clusters, as seen in Figure 4.3, are 

employed In Figure 4.3(a), the (OJ..L)- molecule is substituted at an 0( 1) site, which is 

centered in the environment the muon sees from an 0(1) bond site. For the other cluster, 

Figure 4.3(b ), the (OJ..L)- molecule is substituted at an 0( 4) site, which is centered 

approximately in the environment surrounding the muon site associated with the 0(4). 
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Before going any further, it might help to define names for the two clusters above. The 

0(1) centered cluster will be referred to as the 0(1)-cluster, and similarly the 0(4) centered 

cluster as the 0( 4 )-cluster. 

0( 1 )-Ouster 

Now that the clusters have been established, what are the ionic charge assignments in 

the cluster? First it is important to remember that for the fully oxygenated RBCO, the 

formal valence is not clear and that the chain region, with Cu(1) four-fold coordinated to 

0(1) and 0(4) oxygens, may be "partially" covalent. Since these details have not been 

clearly established yet, we decided to look at how varying the charges effects the muon site 

details. The frrst question is whether the muon site associated with 0(1) depends in any 

way on the covalency, thus two sets of charges are used with the 0(1)-cluster. The choices 

are displayed in Figures 4.4. In Figure 4.4(a), the bariums and coppers are assigned a 2+ 

charge, while the oxygens are assigned a 2-. This set of charges are referred to as the fully 

"ionic" set To simulate, or represent, the partial covalency of the Cu03 chain, charge 

assignments of 1.4+ and 1.8- for the Cu(l) and oxygens, respectively, are used as seen in 

Figure 4.4(b). This set of charges is referred to as the "partially" covalent set. The total 

number of point charge centers is 18 in both sets, not including the 0(1) and J.1 internal to 

the molecule (see Appendix for site and charge details). Initial studies indicate that the 

muon site details are not sensitive to point charge choices beyond the second shell 

neighbors. Because of this, the outer charges of the cluster are used to keep the cluster 

electrically neutral. 

0( 4 )-Ouster 

For the 0( 4)-cluster, three charge sets are used: two sets for the fully oxygenated and 

one set for the oxygen-deficient RBCO (where 0( 1) is removed from the chains). Each of 
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the fully oxygenated 0(4)-cluster charge sets correspond to the 0(1)-cluster charge sets. 

One set is fully ionic and the other is partially covalent, as seen in Figure 4.5(a), 

respectively. In the fully ionic set, all the oxygens are assigned a 2- charge, while the 

coppers and bariums are 2+. In the partially covalent set, the 0(2) and 0(3) are assigned 

2-, and the Cu(2) and bariums are 2+. The 0(4) and 0(1) are assigned 1.8-, and the Cu(l) 

is assigned 1.4- just like the partially covalent 0(1)-cluster. 32 point charge centers not 

including the 0(4) and J.1 are used, some of which may not appear in Figure 4.5 (see 

Appendix for site and charge details). Again, the outer neighbors are selected to make both 

charge sets of the 0(4)-cluster electroneutral. 

The last charge set for the 0(4)-cluster is the oxygen-deficient set which is used to 

simulate the RBCO environment when the chain oxygens, 0(1), are removed from the 

material. Since the oxygen-deficient RBCO is considered ionic, there are no non-integral 

charge assignments. The Cu(l) are assigned a charge of 1 +,while all other coppers are 

assigned 2+, as seen in Figure 4.6. The oxygens are assigned 2-, while the bariums are 

2+. There are 40 point charge centers used, but not all appear in Figure 4.6 (see Appendix 

for site and charge details). Just as before, the outer shell neighbors are selected to keep the 

cluster electrically neutral. 

The previously described clusters are used to investigate the muon site with the chain 

and bridging oxygens of the RBCO structure. Once the simulated RBCO crystal is in 

place, the (0J.1)- orbitals are allowed to relax, and the overall system energy is calculated. 

The total system energy includes not only the system energy of the (0J.1)- molecule, but 

also the Coulomb terms between all of the charges in the cluster. Thus, the energy values 

displayed in the next chapter's figures are significantly different for various cluster choices. 

We have yet to devise a method for comparing energies between sites of different clusters, 

so only the trends in the variation of energy due to the muon bond direction and RBCO 

environment are studied. 



TABLE 4.1 

LIST OF POSSIBLE MUON SITESa 

x/a 

0.026 

0.245 

0.000 

0.000 

y/b 

0.400 

0.395 

0.160 

0.265 

aThe rare-earth ion is located at (0.5, 0.5, 0.5) 

'Z/c 

0.083 

0.000 

0.230 

0.108 
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TABLE4.2 

BASIS SET (EXPONENTIAL COEFACIENTS) 

Oxygen(9s7p ld) Hydrogen(5s3p) 

(a i) (a i) 
1s 7816.540000 33.644400 
1s 1175.820000 5.057960 
1s 273.188000 1.146800 
1s 81.169600 0.321144 
1s 27.183600 0.101309 
1s 9.532230 
1s 3.413640 
1s 0.939780 
1s 0.284610 

2p 35.183200 2.575190 
2p 7.904030 0.599076 
2p 2.305120 0.139365 
2p 0.717060 
2p 0.213730 
2p# 0.063705 
2p# 0.018988 

1d 0.747048 

# Find by geometric progression. 
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TABLE4.3 

THE TOTAL SYSTEM ENERGIES OF 
THE (0Ht CALCULATIONS 

R(Bohr) Ea(Hartree) Eb(Hartree) 

1.50 -75.36428 -75.37283 
1.60 -75.38715 -75.39502 
1.70 -75.39805 -75.40552 
1.75 -75.40017 * 
1.787 -75.40060 * 
1.790 * * 
1.80 -75.40055 -75.40787 
1.90 -75.39727 -75.40460 
2.00 -75.39011 -75.39755 
2.10 -75.38045 -75.38802 
2.25 -75.36339 -75.37000 
2.40 -75.34518 -75.35294 
2.60 -75.32140 -75.32901 
2.80 -75.29958 -75.30687 

a Calculated using basis set (9s5p 1d/5s3p ). 
b Calculated using basis set (9s7p 1d/5s3p ). 
c Near Hartree-Fock limit by Cade. 
* Not available. 

Ec(Hartree) 

-75.38321 
-75.40515 
-75.41537 
-75.41725 

* 
-75.41751 

* 
-75.41385 
-75.40646 
-75.39658 
-75.37907 
-75.36016 
-75.33493 
-75.31107 
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TABLE4.4 

TilE ORBITAL ENERGIES OF TilE (OHt 
CALCULATIONS 

R(Bohr) e 1 o(Hartree) e 2o(Hartree) e 3o(Hartree) e 17t(Hartree) 

1.50 (9s5p1d/5s3p) -20.15245 -0.96081 -0.28483 -0.10398 
(9s7p 1 d/5s3p) -20.15769 -0.96480 -0.28673 -0.10821 

Cade -20.15021 -0.95953 -0.28369 -0.10601 

1.60 (9s5p1d/5s3p) -20.16096 -0.93780 -0.27386 -0.10330 
(9s7p1d/5s3p) -20.16744 -0.94257 -0.27647 -0.10800 

Cade -20.16023 -0.93750 -0.27338 -0.10598 

1.70 (9s5p1d/5s3p) -20.16905 -0.91803 -0.26236 -0.10330 
(9s7p1d/5s3p) -20.12177 -0.92350 -0.26575 -0.10820 

Cade -20.16970 -0.91858 -0.26265 -0.10628 

1.75 (9s5p1d/5s3p) -20.17294 -0.91803 -0.25645 -0.10313 
(9s7p1d/5s3p) • • • • 

Cade -20.17422 -0.91023 -0.25715 0.10657 

1.80 (9s5p1d/5s3p) -20.17676 -0.90132 -0.25652 -0.10332 
(9s7p 1 d/5s3p) -20.18551 -0.90741 -0.25469 -0.10890 

Cade • • • • 
1.90 (9s5p 1 d/5s3p) -20.18408 -0.88741 -0.23839 -0.10420 

(9s7p 1 d/5s3p) -20.19392 -0.89414 -0.24349 -0.11013 
Cade -20.18705 -0.88929 -0.24038 -0.10805 

2.00 (9s5p1d/5s3p) -20.19111 -0.87609 -0.22612 -0.10571 
(9s7p1d/5s3p) -20.20195 -0.88338 -0.23212 -0.11197 

Cade -20.19506 -0.87846 -0.22909 -0.10960 

2.10 (9s5p1d/5s3p) -20.19800 -0.86717 -0.21391 -0.10795 
(9s7p 1 d/5s3p) -20.20976 -0.87496 -0.22077 -0.11448 

Cade -20.20274 -0.86984 -0.21786 -0.11163 

2.25 (9s5p1d/5s3p) -20.20833 -0.85788 -0.19604 -0.11277 
(9s7p 1 d/5s3p) • • • • 

Cade -20.21381 -0.86058 -0.20134 -0.11564 

2.40 (9s5p1d/5s3p) -20.21901 -0.85297 -0.17915 -0.11942 
(9s7p 1 d/5s3p) -20.23290 -0.86180 -0.18816 -0.12630 

Cade -20.22456 -0.85509 -0.18547 -0.12078 

2.60 (9s5p 1 d/5s3p) -20.23424 -0.85227 -0.15876 -0.13100 
(9s7p 1 d/5s3p) -20.24894 -0.86136 -0.16864 -0.13771 

Cade -20.23864 -0.85253 -0.16566 -0.12928 

2.80 (9s5p1d/5s3p) -20.25070 -0.85690 -0.14121 -0.14510 
(9s7p1d/5s3p) -20.26570 -0.86599 -0.15148 -0.15148 

Cade -20.25261 -0.85419 -0.14763 -0.13938 
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CHAPTERS 

RESULTS 

The results from the mcxlel described in Chapter 4 are presented and discussed in this 

chapter. Before presenting those results, it would be helpful to describe the positioning of 

the muon in the simulated RBCO clusters used to map out the potential curves. Our model 

and the computer code gave us the freedom to position the muon anywhere in the simulated 

crystal. Several difficulties prevented prcxlucing a full potential surface map. The frrst 

problem we encountered was the computational time it took to calculate the overall system 

energy at any single muon position. For each position it took POLY ATOM approximately 

one Central Processor Unit (CPU) hour to do the calculation on the Micro VAX II. The 

actual run time was approximately the number of computer system users multiplied by the 

CPU time and was typically several hours. We attempted to alleviate this by working on 

the main VAX 8650 or on the Los Alamos VAX cluster, however, the overall run time was 

not any faster. We thus chose to examine only a limited region where the mcxlel was 

physically reasonable. This lead into the second problem, that of identifying the good 

physical regions for the model. Since we assumed a JJ.-0 bond, positioning the J.1 too far 

from the oxygen center would cause the mcxlel to "physically" break down. To keep the 

calculation doable and physically reasonable, we chose to examine limited regions in the 

RBCO structure and to keep the muon position within -1.8ao to -2.8ao of its companion 

oxygen. As a frrst step, we examined the regions near the 0(1) and 0(4) oxygens since 

previous classical calculations and magnetic field searches had suggested that the most 

likely sites were associated with these oxygens [16,17,18]. 
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Muon Positions 

The muon's position was restricted to three regions in the simulated RBCO crystals: 

1) alb, 2) ale, and 3) ble planes. These three regions were chosen because they searched 

areas where previously studied classical models showed possible muon sites, and because 

these regions gave some common areas of overlap for comparison between the 0(1)-cluster 

and the 0(4)-cluster. The muon was positioned in the 0(1)-cluster in the alb and ble planes 

that intersect at the 0( 1) center, as seen in Figure 5.1. Initial studies showed that in the 

0(1)-cluster the ale plane had no relative minima for either the ionic or covalent point 

charge distribution. The muon was moved in a 90 degree arch or "sweep" within each 

plane at a distance (r) from the central oxygen, where r = 1.8ao, 1. 9a0 , 2.0a0 , 2.2ao, 

2.4ao. The angular position, 9, was defined, as shown in Figure 5.1(a) and 5.l(b), as a 

rotation from the a and e-axis, respectively. We swept thru only one 90 degree quadrant in 

each plane of the 0(1)-cluster, because the other three are symmetrically equivalent. 

In the 0(4)-cluster, all three planes were investigated. The sweeps were made in the 

alb, ale, and ble planes that intersected at the 0(4) center as shown in Figures 5.2, 5.3(a), 

and 5.3(b), respectively. For the ale and ble planes the muon was swept thru 180 degrees, 

while the alb plane was limited to a 90 degree sweep. Again, the limits on the sweeps were 

determined by the symmetry of the 0( 4)-cluster. The angle e was defmed as in 

Figures 5.2, 5.3(a), and 5.3(b) from the a, e ,and e-axis, respectively. As seen before in 

the 0(1)-cluster, the muon's separation distance (r) from the oxygen was 1.8ao, 1.9a0 , 

2.0ao, 2.2ao, 2.4ao. 

The previously described positionings of the muon were used for all the 0( 1) and 

0(4)-clusters described in Chapter 4. For each sweep the muon was repositioned in 

five-degree steps. For each step, we calculated the overall system energy and the electron 

occupancy of the muon and oxygen based orbitals. These results are discussed in terms of 

the overall system energy as a function of bond direction for different JJ.-0 separation 
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distances. Since we do not have a good way to accurately translate the system energy from 

one cluster to another, we will discuss each cluster separately. 

O(ll-Cluster Results 

For the 0(1)-cluster, shown in Figure 4.3, at least three local minima were found: site 

A, a minimum in the blc plane at an angle 9 < 450 from the c-axis, consistent with the site 

previously identified [17,18]; site B, a minimum directly toward the chain copper, present 

only for large Cu valences; and site C, a broad shallow minimum directed into the center of 

the alb basal plane. Sites A or B had the lowest energy depending on the point charge 

distribution within the cluster. Figure 5.4 shows results for sites A and B which both lie in 

the bl c plane and displays the differences as the ionic valence in the chain Cu03 network 

decreases. The overall system energy is displayed as a function of bond direction for 

different J.L-0 separation distances in the respective planes. Similarly, Figure 5.5 shows the 

results for site C which lies in the alb plane. None of the investigated conditions led to site 

C becoming the most stable. The minima for site C were extremely shallow and were at 

higher energies than the A orB sites. The results in Figures 5.4(a) and 5.5(a) were 

calculated from the ionic point charge set which had a eu2+, o2- charge distribution. 

Figures 5.4(b) and 5.5(b) refer to the partially covalent charge set which has a Cu 1.4+ 

while the bridging and chain oxygens are 1.8-. 

In comparing the differences created by the changing valencies, it is seen that site B 

was the dominant site when the nominal ionic charge set is used, and that site A becomes 

the stable site when we simulate the covalency of the chain. The site B dominance is an 

unexpected result When the valence on the chain Cu approaches 2+ or larger, site B 

becomes the dominant site. The B-site well grows rapidly deeper and the barrier between 

sites A and B grows larger as the Cu valence increases. When the valence on the Cu 

decreases then the site B potential increases until site A becomes the only stable site. For 
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larger covalencies site B becomes a saddle point between site A and the mirror image A-site 

in the next quadrant The basic chemical feature that leads to the B site is a large electron 

occupancy of the muon-based orbitals caused by a large positive point charge, in this case 

the copper. Using GAP to give us an approximate idea for the electron occupation, we find 

that the muon had approximately 1.57e- at site B for the ionic case. When the muon 

occupancy is much larger than 1 the J..L-0 bond assumption is considered suspect. Site B is 

consistent with a J..L-Cu hydride-like bond suggested by Yang et al. [27] and Rielly et al. 

[28] in response to IR and Raman features in hydrogenated YBCO. Within our model, the 

system approaches the condition Cu2+x -J..L-- 00 along the b-axis as x increases. Our 

calculation shows that site B is stable at approximately x= 0 and above. Thus the (OJ..L)

assumption is starting to break down in the site B region and should be suspect close to any 

positive ion. We believe for large copper charges the model implies a hydride-like muon 

chemistry·, which requires a more sophisticated theoretical model than is used here. Since 

we did not include basis functions for any RBCO ion sites other than the central oxygen in 

each cluster, this possibility could not be pursued. 

As the covalency increases, site A becomes the more stable site. Results from this 

calculation suggest a limit of 8 S 450 for the bond orientation. The bond direction where 

the minimum is located indicates that a o .. J..L-0 bond involving the bridging oxygen may be 

a more accurate model of the A site. Results for the 0(4) centered cluster, which will be 

discussed in the next section, also indicate a O .. J..L-0 bond between the bridging and the 

chain oxygens under similar covalency conditions. 

0(4)-Cluster Results 

The 0(4)-cluster results are broken into two parts: 1) the fully oxygenated and 2) the 

oxygen-deficient case. The fully oxygenated case will be discussed first and compared to 

the 0(1)-cluster results, then the oxygen-deficient case will be discussed and compared to 
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the oxygen-rich case. As in the previous section, the 0(4)-cluster results are presented in 

terms of the overall system energy as a function of bond direction for different J.L-0 

separation distances. The calculation was restricted to the alb, ale, and ble planes as seen in 

Figures 5.2, 5.3(b), and 5.3(c), respectively. In the ale and ble planes the sweeps were of 

180 degrees, while in the alb plane a 90 degree sweep was performed. For the 

0(4)-clusters, at least four local minima were found: sites D, shallow minima in the ale and 

ble planes at 9 ~ 45 degrees from thee-axis, consistent with sites previously identified 

[17,18]; site E, located directly toward the barium from the 0(4) bond center in the alb 

plane, present only for the fully oxygenated crystal; site F, a minimum at approximately 

120 degrees from thee-axis, consistent with a site previously identified [17,18]; and site 

G, located directly toward the chain copper, present only for the larger Cu valences. 

Fully Oxygenated 

For fully oxygenated RBCO, both the ionic and partially covalent 0( 4 )-cluster were 

studied. Figures 5.6(a), (b), 5.7(a), (b), and 5.8(a), show the results calculated from the 

ionic charge set, which has a Cu2+, o2- ionic charge distribution in the chain regions. 

While Figures 5.6(c), (d), 5.7(c), (d), and 5.8(b) display results for the partially covalent 

point charge set which has a Cu1.4+ and Ql.8- in the chain. Figures 5.6 and 5.7 show 

the ale and ble sweeps, while the alb sweep is shown in Figures 5.8. A comparison of 

these figures identifies the differences between the nominally ionic and covalent cases. 

The D sites are local minima, but in both the ionic and partially covalent cases they are 

not as deep as the G or F sites. For both the ionic and covalent cases there is a shallow 

minima as displayed in Figures 5.6(a), (c) and 5.7(a), (c), in the direction 9 ~ 45 degrees 

along a line toward a "plane" oxygen, which is expected In both the ale and ble 0-90 

degree regions the local potentials are very similar as they should be due to the symmetry of 



the crystal in this region. In the fully oxygenated case, these minima are not the most 

stable, a result which is consistent with previous work [17,18]. 
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A particularly interesting minimum, site E, is seen in Figure 5.8. This minimum is 

quite unexpected and has not been identified before. The minimum is located in the alb 

plane at about a 45 degree bond direction from the a-axis, which is in line with a 2+ 

barium. The depth increases as the separation distance increases. Site E is not the most 

stable site and occurs in the model for the same reasons that produce site B. The barium 

has a large 2+ valence which tends to shift the electron occupancy on the muon to above 1. 

In general, we feel that site E may be a non-physical feature of our model and should be 

considered suspect. 

The two local potential minima of most interest are sites F and G. The two are 

analogous to sites A and B for the 0(1) case and behave similarly. The G-site is the 

dominant site for the nominally ionic charge set, while·site F becomes the stable site when 

we simulate covalency in the chain. Site G can be seen in Figures 5.7(b) and 5.7(d) for 

both the ale and blc planes at 9 = 180 degrees, i.e. along the negative c-axis toward the 

chain copper. This site has a very deep minimum and is the most stable site for the ionic 

case. The local potential energy of site G decreases as the valence of the chain copper, 

Cu(l), increases. The potential near sit~ F is basically flat with no minimum in the ionic 

case. We feel that the same basic chemical feature that led to the B site, produces site G, 

that is excess electron occupancy of the muon based orbitals due to attraction toward a large 

positive point charge, in this case the copper. Here again if the muon occupancy becomes 

much larger than 1 then the J.L-0 bond assumption is suspect, and a hydride-like muon 

chemistry must be considered. 

As covalency is simulated, site G's local potential tends to increase as site Fs potential 

decreases. Site F is only present in the blc plane, situates at approximately 9 = 120 

degrees, as shown in Figure 5.7(b) and 5.7(d). Site F showed again that a O .. J.L-0 bond to 
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the chain oxygen is likely. Site F is the companion hydrogen bond position to site A in the 

0(1)-cluster. Notice that Figure 5.6(b) and 5.6(d) which shows the results for the ale 

plane, does not indicate an F-type site. This is because there are no oxygen ions along the 

a-axis in the chain regions of RBCO. The results for the 0(4)-cluster again indicate that a 

O .. J.L-0 bond between the bridging and chain oxygens is a more appropriate model for 

muon sites generally associated with partially covalent Cu03 chain regions of fully 

oxygenated RBCO. 

Oxygen-Deficient 

The final 0(4)-cluster charge set is chosen to simulate the oxygen-deficient RBCO 

materials. This material is ionic and an insulator, so all charge assignments are integral. 

The main difference between this charge set and the oxygen rich charge sets is that the 

oxygen in the chain regions were removed, and the Cu(l)'s are assigned a valence of 1 +, 

as seen in Figure 4.6. 

For this cluster only two minima are found, and they are the D-sites and site G as 

described for the fully oxygenated case earlier. The results for this cluster are shown in 

Figure 5.9. In both planes siteD is located at 9 = 35 degrees, approximately in line with 

the plane oxygens 0(2) and 0(3). The D-sites occur in both the ale and blc planes and are 

structurally similar. The results should be identical for both planes, but because we did not 

use the tetragonal lattice constants the results are slightly different Again, as at sites A and 

F, siteD indicated that a possible O .. J.L-0 bond with the plane oxygens is reasonable. 

Looking at Figure 5.9(a) and 5.9(c), as the separation distance increases the energy of site 

D decreases. The local potential minimum for site D seemed to decrease for a bond 

direction toward the oxygens in the planes, even for large r. This may suggest a site closer 

to the 0(2) or 0(3) rather than the 0(4). 
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There is one more minimum in these results and it is the previously discussed site G, 

seen in Figures 5.9(b) and 5.9(d), which is unexpected in this cluster because the chain Cu 

valence was only 1 +. We believe site Gin this cluster occurred for the same reasons it 

appeared in the other 0( 4 )-cluster sets. In this case because the isolated 1 + on the chain 

copper, Cu(l), dominates the local field since it now has no negative ion nearby. Again, 

the copper pulls electrons onto the muon and gives the muon an occupancy of more than 1. 

In the overall picture of this cluster the relative local minimum shifts from the F site in 

the oxygen rich case to the D sites in the oxygen-deficient case, consistent with previous 

results [17,18]. 
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CHAPTER6 

CONCLUSIONS 

The model used in this work was designed to give a more realistic picture of the 

bonding of the ~ in HTSC materials and to examine how variations in the Cu-0 bond 

patterns would affect the relative potential minima of possible muon sites. We have 

concentrated on muon sites associated with the chain and bridging oxygens. The 

systematics of this model indicate that the "ionic" charge distribution in the chain region is 

important to the total system energy and relative local minimum of the system. 

An intermediate-sized molecular-orbital calculation for a closed shell (0~)- molecule, 

embedded in a cluster of point charges representing the local RBCO environment, suggests 

two types of sites: 1) O .. J..L-0 and 2) ~-Cu depending on the choice for point charge 

distributions. The first site is consistent with 0 .. ~-0 bond chemistry when reasonable 

chain covalences are assumed, but results for higher charges on the chain copper imply a 

~-Cu type of muon site. The 0 .. ~-0 type bond is consistent with previous work done on 

muon localization, but the J..L-Cu bond was not anticipated. The sites associated with the 

coppers are considered suspect because the large population of electrons on the muon, 

represent a breakdown of the 0-J..L bond assumptions of our starting model. We feel that as 

the charge on the Cu approaches 2+ or more, then a JJ.-Cu bond may be a better starting 

approximation. Results for lower Cu charges imply that a O .. JJ.-0 bond should be a 

suitable model under realistic assumptions of partial chain covalency. 

We have also looked at the differences in muon bond sites for the fully oxygenated and 

oxygen depleted RBCO structures. The results show a shift in the relative local minimum 

from the region below the Ba-0 plane to the region above the Ba-0 plane. This is due to 

the removal of the oxygen ions in the chain region, and is fully consistent with previous 
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work [17,18]. The dominant muon sites in the oxygen depleted case are consistent with 

the formation of a 0 .. ~-0 bond between the bridging oxygen and one in the plane regions. 

The results of all the calculations suggest that the "ionic" charge distribution has a 

major effect on the muon bond sites, and that a more accurate model of the RBCO 

chemistry is needed before muon bonding can be accurately modeled. 

Another step toward properly modeling the muon in its local environment would call 

for orbital functions associated with each ion in the system. Addressing this problem 

computationally is unrealistic with the present computer facilities. Probably the first step 

would be to mcxiel small molecules such as an 0-~-0 and a ~-Cu bond and to look at the 

systematics of these two bonds in their local environment. This could be done but the 

computational time would be quite extensive on the present facilities. Perhaps effective 

potential theory [29] could be used to reduce the computational time. Effective potential 

theory uses an effective potential to represent the core electrons of each atom and limited 

basis functions for the valence electrons to represent the overlapping with other atoms. 

This reduces the number of basis functions needed for the calculations in these molecules. 

If one wishes to pursue this problem, expanding it using the current methcxis with the 

present facilities is almost impossible. Somewhat different approximations, methods, and 

computational facilities are needed to expand the diatomic molecule to a larger cluster that 

gives the proper environment for mcxieling the competing muon chemistries on an equal 

footing. 
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APPENDIX 

The following tables are the position and charge values used for each point charge in 

the 0(1)-cluster and the 0(4)-cluster. Tables A.1 and A.2 are the point charge distributions 

for the ionic and partially covalent 0(1)-cluster, respectively. Tables A.3 and A.4 are the 

point charge distribution for the ionic and partially covalent 0(4)-cluster, respectively. 

Both Tables A.3 and A.4 show the fully oxygenated 0(4)-cluster. Table A.5 shows the 

oxygen depleted 0( 4 )-cluster. The lattice constants used are a= 3.8187 Angstroms, 

b=3.8830 Angstroms, and c= 11.6640 Angstroms. These lattice constants are used for all 

calculations including the oxygen depleted case. For all calculations the units used are 

Hartree for energy and Bohr for length. Where 1 Hartree = 27.2097 e V and 1 Bohr = 

0.529172 Angstrom. 
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Eleme t n 

(O!lt 
0(1): 
0(1): 
0(1): 
0(1): 

0(4): 
0(4): 
0(4): 
0(4): 

.Cu(l): 
Cu(l): 

Cu(l): 
Cu(l): 
Cu(l): 
Cu(l): 

ICu(l): 
Cu(1): 

Ba: 
Ba: 
Ba: 
Ba: 

TABLE A.1 

0(1)-CLUSTER (IONIC) 

(Bohr) 
1/ x a y 1/b II z c X y I 

0.0000 0.0000 0.0000 0.0000 0.0000 
0.0000 1.0000 0.0000 0.0000 7.3379 
0.0000 -1.0000 0.0000 0.0000 -7.3379 
1.0000 0.0000 0.0000 7.2164 0.0000 

-1.0000 0.0000 0.0000 -7.2164 0.0000 

0.0000 0.5000 0.1584 0.0001J 3.6689 
0.0000 0.5000 -0.1584 0.0000 3.6689 
0.0000 -0.5000 0.1584 0.0000 -3.6689 
0.0000 -0.5000 -0.1584 0.0000 -3.6689 

0.0000 0.5000 0.0000 0.0000 3.6689 
0.0000 -0.5000 0.0000 0.0000 -3.6689 

1.0000 0.5000 0.0000 7:2164 3.6689 
-1.0000 0.5000 0.0000 -7.2164 3.6689 
1.0000 -0.5000 0.0000 7.2164 -3.6689 

-1.0000 -0.5000 0.0000 -7.2164 -3.6689 

0.0000 1.5000 0.0000 OTIOUO 11.0068 
0.0000 -1.5000 0.0000 0.0000 -11.0068 

0.5000 0.0000 0.1849 3.6083 0.0000 
0.5000 0.0000 -0.1849 3.6083 0.0000 

-0.5000 0.0000 0.1849 -3.6083 0.0000 
-0.5000 0.0000 -0.1849 -3.6083 0.0000 

X
1 = x I x= x 

z 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

3.4915 
-3.4915 
3.4915 

-3.4915 

0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 

4.0756 
-4.0756 
4.0756 

-4.0756 

y1= y+ (0.5b) yl= y+ 3.6689 
Z

1 = z Z
1 = z 
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q 

-1 
-2 
-2 
-2 
-2 

-2 
-2 
-2 
-2 

2 
2 

1.25 
1.25 
1.25 
1.25 

-
-

2 
2 
2 
2 



Ele t men 

(OJ.!.)-
10(1): 
0(1): 

0(1): 
0(1): 

0(4): 
0(4): 
0(4): 
0(4): 

Cu(1): 
Cu(l): 

Cu(l): 
Cu(l): 
Cu(l): 
Cu(1): 

ICu(l): 
Cu(l): 

Ba: 
Ba: 
Ba: 
Ba: 

TABLEA.2 

0(1)-CLUSTER (PARTIALLY COY ALENT) 

(Bohr) 
1/ x a y 1/b 1/ z c X y I z 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
0.0000 1.0000 0.0000 0.0000 7:3379 0.0000 
0.0000 -1.0000 0.0000 0.0000 -7.3379 0.0000 

1.0000 0.0000 0.0000 7.2164 0.0000 0.0000 
-1.0000 0.0000 0.0000 -7.2164 0.0000 0.0000 

0.0000 0.5000 0.1584 0.0000 3.6689 3.4915 
0.0000 0.5000 -0.1584 0.0000 3.6689 -3.4915 
0.0000 -0.5000 0.1584 0.0000 -3.6689 3.4915 
0.0000 -0.5000 -0.1584 0.0000 -3.6689 -3.4915 

0.0000 0.5000 0.0000 0.0000 3.6689 0.0000 
0.0000 -0.5000 0.0000 0.0000 -3.6689 0.0000 

1.0000 0.5000 0.0000 7.2164 3.6689 0.0000 
-1.0000 0.5000 0.0000 -7.2164 3.6689 0.0000 
1.0000 -0.5000 0.0000 7.2164 -3.6689 0.0000 

-1.0000 -0.5000 0.0000 -7.2164 -3.6689 0.0000 

0.0000 1.5000 0.0000 0.0000 11:0068 0.0000 
0.0000 -1.5000 0.0000 0.0000 -11.0068 0.0000 

0.5000 0.0000 0.1849 3.6083 1[0000 4.0756 
0.5000 0.0000 -0.1849 3.6083 0.0000 -4.0756 

-0.5000 0.0000 0.1849 -3.6083 0.0000 4.0756 
-0.5000 0.0000 -0.1849 -3.6083 0.0000 -4.0756 

X
1 = x 

I x= x 
y1= y+ (0.5b) 
Z

1 = z 
yl= y+ 3.6689 
Z

1 = z 
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q 

-1 
-1.8 
-1.8 

-2 
-2 

-1.8 
-1.8 
-1.8 
-1.8 

1.4 
1.4 

1.25 
1.25 
1.25 
1.25 

-
-

2 
2 
2 
2 



Element 'I x a 
L(Ot.tt 0.0000 

0(4): 1.0000 
10(4): -1.0000 
0(4): 0.0000 

LQ(4)_: 0.0000 

0(2): 0.0000 
0(2): 0.0000 

0(3): 0.5000 
.0(3): -0.5000 

0(1): 0.0000 
0(1): 0.0000 
0(1): 1.0000 
0(1): 1.0000 
0(1): -1.0000 

10(1): -1.0000 

Cu(2): 0.0000 
Cu(2): 0.0000 
Cu(2): 0.0000 
Cu(2): 1.0000 
Cu(2): -1.0000 

Cu(1): 0.0000 
Cu(l): 0.0000 
Cu(1): 0.0000 
Cu(1): 1.0000 
Cu(l): -1.0000 

Cu(l): 1.0000 
Cu(1): 1.0000 
Cu(1): -1.0000 
Cu(l): -1.0000 

Ba: 0.5000 
Ba: -0.5000 
Ba: 0.5000 
Ba: -0.5000 

v '/b 
0.0000 

0.0000 
0.0000 
1.0000 

-1.0000 

0.5000 
-0.5000 

0.0000 
0.0000 

0.5000 
-0.5000 
0.5000 

-0.5000 
0.5000 

-0.5000 

0.0000 
1.0000 

-1.0000 
0.0000 
0.0000 

0.0000 
1.0000 

-1.0000 
0.0000 
0.0000 

1.0000 
-1.0000 
1.0000 

-1.0000 

0.5000 
0.5000 

-0.5000 
-0.5000 

x'=x 
y'=y 

TABLEA.3 

0(4)-CLUSTER (IONIC) 

'I z c X 

0.0000 0.0000 

0.0000 7.2164 
0.0000 -7.2164 
0.0000 0.0000 
0.0000 0.0000 

0.2191 0.0000 
0.2191 0.0000 

0.2191 3.6083 
0.2191 -3.6083 

-0.1584 0.0000 
-0.1584 0.0000 
-0.1584 7.2164 
-0.1584 7.2164 
-0.1584 -7.2164 
-0.1584 -7.2164 

0.1972 0.0000 
0.1972 0.0000 
0.1972 0.0000 
0.1972 7.2164 
0.1972 -7.2164 

-0.1584 0.0000 
-0.1584 0.0000 
-0.1584 0.0000 
-0.1584 7.2164 
-0.1584 -7.2164 

-0.1584 7.2164 
-0.1584 7.2164 
-0.1584 -7.2164 
-0.1584 -7.2164 

0.0000 3.6083 
0.0000 -3.6083 
0.0000 3.6083 
0.0000 -3.6083 

(Bohr) 
v ' 

0.0000 

0.0000 
0.0000 
7.3379 

-7.3379 

3.6689 
-3.6689 

0.0000 
0.0000 

3.6689 
-3.6689 
3.6689 

-3.6689 
3.6689 

-3.6689 

0.0000 
7.3379 

-7.3379 
0.0000 
0.0000 

0.0000 
7.3379 

-7.3379 
0.0000 
0.0000 

7.3379 
-7.3379 
7.3379 

-7.3379 

3.6689 
3.6689 

-3.6689 
-3.6689 

x'= x 
y'=y 

z 

0.0000 

0.0000 
0.0000 
0.0000 
0.0000 

4.8294 
4.8294 

4.8294 
4.8294 

-3.4915 
-3.4915 
-3.4915 
-3.4915 
-3.4915 
-3.4915 

4.3466 
4.3466 
4.3466 
4.3466 
4.3466 

-3.4915 
-3.4915 
-3.4915 
-3.4915 
-3.4915 

-3.4915 
-3.4915 
-3.4915 
-3.4915 

0.0000 
0.0000 
0.0000 
0.0000 

z' = z+(0.1584c) z' = z+3.4915 
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q 

-1 

-2.0 
-2.0 
-2.0 
-2.0 

-2.0 
-2.0 

-2.0 
-2.0 

-2.0 
-2.0 
-2.0 
-2.0 
-2.0 
-2.0 

2.0 
2.0 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 
2.0 
2.0 

0.25 
0.25 
0.25 
0.25 

2.0 
2.0 
2.0 
2.0 



Element 'I x a 

JQJ.Y 0.0000 

0(4): 1.0000 
0(4): -1.0000 
0(4): 0.0000 
10(4): 0.0000 

0(2): 0.0000 
10(2): 0.0000 

0(3): 0.5000 
10(3): -0.5000 

0(1): 0.0000 
0(1): 0.0000 
0(1): 1.0000 
0(1): 1.0000 
0(1): -1.0000 

10(1): -1.0000 

Cu(2): 0.0000 
Cu(2): 0.0000 
Cu(2): 0.0000 
Cu(2): 1.0000 
Cu(2): -1.0000 

Cu(1): 0.0000 
Cu(1): 0.0000 
Cu(l): 0.0000 

Cu(1): 1.0000 
Cu(l): -1.0000 
Cu(1): 1.0000 
Cu(1): 1.0000 
Cu(l): -1.0000 
Cu(l): -1.0000 

Ba: 0.5000 
Ba: -0.5000 
Ba: 0.5000 
Ba: -0.5000 

TABLEA.4 

0(4)-CLUSTER (PARTIALLY COY ALEN1) 

(Bohr) 
y '/b 

0.0000 

0.0000 
0.0000 
1.0000 

-1.0000 

0.5000 
-0.5000 

0.0000 
0.0000 

0.5000 
-0.5000 
0.5000 

-0.5000 
0.5000 

-0.5000 

0.0000 
1.0000 

-1.0000 
0.0000 
0.0000 

0.0000 
1.0000 

-1.0000 

0.0000 
0.0000 
1.0000 

-1. ()()()() 
1.0000 

-1. ()()()() 

0.5000 
0.5000 

-0.5000 
-0.5000 

x'=x 
y'=y 

'f z c 

0.0000 

0.0000 
0.0000 
0.0000 
0.0000 

0.2191 
0.2191 

0.2191 
0.2191 

-0.1584 
-0.1584 
-0.1584 
-0.1584 
-0.1584 
-0.1584 

0.1972 
0.1972 
0.1972 
0.1972 
0.1972 

-0.1584 
-0.1584 
-0.1584 

-0.1584 
-0.1584 
-0.1584 
-0.1584 
-0.1584 
-0.1584 

0.0000 
0.0000 
0.0000 
0.0000 

z' = z+(0.1584c) 

X 

0.0000 

7.2164 
-7.2164 
0.0000 
0.0000 

0.0000 
0.0000 

3.6083 
3.6083 

0.0000 
0.0000 
7.2164 
7.2164 

-7.2164 
-7.2164 

0.0000 
0.0000 
0.0000 
7.2164 

-7.2164 

0.0000 
0.0000 
0.0000 

7.2164 
-7.2164 
7.2164 
7.2164 

-7.2164 
-7.2164 

3.6083 
-3.6083 
3.6083 

-3.6083 

y' 

0.0000 

0.0000 
0.0000 
7.3379 

-7.3379 

3.6689 
-3.6689 

0.0000 
0.0000 

3.6689 
-3.6689 
3.6689 

-3.6689 
3.6689 

-3.6689 

0.0000 
7.3379 

-7.3379 
0.0000 
0.0000 

0.0000 
7.3379 

-7.3379 

0.0000 
0.0000 
7.3379 

-7.3379 
7.3379 

-7.3379 

3.6689 
3.6689 

-3.6689 
-3.6689 

x'= x 
y'= y 

z' 

0.0000 

0.0000 
0.0000 
0.0000 
0.0000 

4.8294 
4.8294 

4.8294 
4.8294 

-3.4915 
-3.4915 
-3.4915 
-3.4915 
-3.4915 
-3.4915 

4.3466 
4.3466 
4.3466 
4.3466 
4.3466 

-3.4915 
-3.4915 
-3.4915 

-3.4915 
-3.4915 
-3.4915 
-3.4915 
-3.4915 
-3.4915 

0.0000 
0.0000 
0.0000 
0.0000 

z' = z+3.4915 
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Q 

-1 

-1.8 
-1.8 
-1.8 
-1.8 

-2.0 
-2.0 

-2.0 
-2.0 

-1.8 
-1.8 
-1.8 
-1.8 
-1.8 
-1.8 

2.0 
2.0 
2.0 
2.0 
2.0 

1.4 
1.4 
1.4 

0.8 
0.8 
0.8 
0.8 
0.8 
0.8 

2.0 
2.0 
2.0 
2.0 



Elcmcnl 
I(Qu)" 

0(4); 
0(4): 
0(4): 
0(4): 

0(2): 
0(2): 
0(2): 
0(2): 
0(2): 
012): 

0(3): 
0(3): 
0(3): 
0(3): 
0(3): 
0(3): 

Cu(2): 
Cu(2): 
Cu(2): 
Cu(2): 
Cu(2): 

Cu(1): 
Cu(1): 
Cu(l): 
Cu(1): 
Cu(l): 
Cu(1): 
Cu(l): 
Cu(1): 
Cu(l): 

Cu(l): 
Cu(l): 
Cu(1): 
Cu(1): 
Cu(l): 
Cu(1): 

Ba: 
Ba: 
Ba: 
Ba: 

TABLE A.5 

0(4)-CLUSTER (OXYGEN DEPLETED) 

'I x a 
0.0000 

1.0000 
-1.0000 
0.0000 
0.0000 

0.0000 
0.0000 
1.0000 
1.0000 

-1.0000 
-1.0000 

0.5000 
-0.5000 
0.5000 

-0.5000 
0.5000 

-0.5000 

0.0000 
0.0000 
0.0000 
1.0000 

-1.0000 

0.0000 
0.0000 
0.0000 
1.0000 

-1.0000 
1.0000 
1.0000 

-1.0000 
-1.0000 

0.0000 
0.0000 
1.0000 
1.0000 

-1.0000 
-1.0000 

0.5000 
-0.5000 
0.5000 

-0.5000 

y 'lb 
0.0000 

0.0000 
0.0000 
1.0000 

-1.0000 

0.5000 
-0.5000 
0.5000 

-0.5000 
0.5000 

-0.5000 

0.0000 
0.0000 
1.0000 
1.0000 

-1.0000 
-1.0000 

0.0000 
1.0000 

-1.0000 
0.0000 
0.0000 

0.0000 
1.0000 

·1.0000 
0.0000 
0.0000 
1.0000 

·1.0000 
1.0000 

-1.0000 

2.0000 
-2.0000 
2.0000 

-2.0000 
2.0000 

-2.0000 

0.5000 
0.5000 

-0.5000 
-0.5000 . 

:X = :X 

y'= y 

'" 
l c 

0.0000 

0.0000 
0.0000 
0.0000 
0.0000 

0.2191 
0.2191 I 

0.2191 
0.2191 
0.2191 
0.2191 

0.2191 
0.2191 
0.2191 
0.2191 
0.2191 
0.2191 

0.1972 
0.1972 
0.1972 
0.1972 
0.1972 

-0.1584 
-0.1584 
-0.1584 
-0.1584 
-0.1584 
-0.1584 
-0.1584 
-0.1584 
-0.1584 

-0.1584 
-0.1584 
-0.1584 
-0.1584 
-0.1584 
-0.1584 

0.0000 
0.0000 
0.0000 
0.0000 

z' = z+(0.1584c) 

X 

0.0000 

7.2164 
-7.2164 
0.0000 
0.0000 

0.0000 
0.0000 
7.2164 
7.2164 

-7.2164 
-7.2164 

3.6083 
-3.6083 
3.6083 

-3.6083 
3.6083 

-3.6083 

0.0000 
0.0000 
0.0000 
7.2164 

-7.2164 

0.0000 
0.0000 
0.0000 
7.2164 

-7.2164 
7.2164 
7.2164 

-7.2164 
-7.2164 

0.0000 
0.0000 
7.2164 
7.2164 
-7.2164 
-7.2164 

3.6083 
-3.6083 
3.6083 

-3.6083 

(Uohr) 
' y· 

0.0000 

0.0000 
0.0000 
7.3379 

-7.3379 

3.6689 
-3.6689 
3.6689 

-3.6689 
3.6689 

-3.6689 

0.0000 
0.0000 
7.3379 
7.3379 

-7.3379 
-7.3379 

0.0000 
7.3379 

-7.3379 
0.0000 
0.0000 

0.0000 
7.3379 

-7.3379 
0.0000 
0.0000 
7.3379 

-7.3379 
7.3379 

-7.3379 

15.0058 
-15.0058 
15.0058 

-15.0058 
15.0058 

-15.0058 

3.6689 
3.6689 

-3.6689 
-3.6689 

x= x 
y'= y 

l 

0.0000 

0.0000 
0.0000 
0.0000 
0.0000 

4.8294 
4.8294 
4.8294 
4.8294 
4.8294 
4.8294 

4.8294 
4.8294 
4.8294 
4.8294 
4.8294 
4.8294 

4.3466 
4.3466 
4.3466 
4.3466 
4.3466 

-3.4915 
-3.4915 
-3.4915 
-3.4915 
-3.4915 
-3.4915 
-3.4915 
-3.4915 
-3.4915 

-3.4915 
-3.491 s 
-3.4915 
-3.4915 
-3.4915 
-3.4915 

0.0000 
0.0000 
0.0000 
0.0000 

z' = z+3.4915 

66 

Q 

-1 

-2.0 
-2.0 
-2.0 
-2.0 

-2.0 
-2.0 
-2.0 
-2.0 
-2.0 
-2.0 

-2.0 
-2.0 
-2.0 
-2.0 
-2.0 
-2.0 

2.0 
2.0 
2.0 
2.0 
2.0 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

2.0 
2.0 
2.0 
2.0 


	31295005932362_0000
	31295005932362_0001
	31295005932362_0002
	31295005932362_0003
	31295005932362_0004
	31295005932362_0005
	31295005932362_0006
	31295005932362_0007
	31295005932362_0008
	31295005932362_0009
	31295005932362_0010
	31295005932362_0011
	31295005932362_0012
	31295005932362_0013
	31295005932362_0014
	31295005932362_0015
	31295005932362_0016
	31295005932362_0017
	31295005932362_0018
	31295005932362_0019
	31295005932362_0020
	31295005932362_0021
	31295005932362_0022
	31295005932362_0023
	31295005932362_0024
	31295005932362_0025
	31295005932362_0026
	31295005932362_0027
	31295005932362_0028
	31295005932362_0029
	31295005932362_0030
	31295005932362_0031
	31295005932362_0032
	31295005932362_0033
	31295005932362_0034
	31295005932362_0035
	31295005932362_0036
	31295005932362_0037
	31295005932362_0038
	31295005932362_0039
	31295005932362_0040
	31295005932362_0041
	31295005932362_0042
	31295005932362_0043
	31295005932362_0044
	31295005932362_0045
	31295005932362_0046
	31295005932362_0047
	31295005932362_0048
	31295005932362_0049
	31295005932362_0050
	31295005932362_0051
	31295005932362_0052
	31295005932362_0053
	31295005932362_0054
	31295005932362_0055
	31295005932362_0056
	31295005932362_0057
	31295005932362_0058
	31295005932362_0059
	31295005932362_0060
	31295005932362_0061
	31295005932362_0062
	31295005932362_0063
	31295005932362_0064
	31295005932362_0065
	31295005932362_0066
	31295005932362_0067
	31295005932362_0068
	31295005932362_0069
	31295005932362_0070
	31295005932362_0071
	31295005932362_0072
	31295005932362_0073

