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ABSTRACT 

In this research, we have implemented an original technique to study the electronic 

properties of a single electron placed in YI^Q^O, at 300K. Using a discretized 

extension of Feynman's Quantum Path Integral, we have been able to characterize 

effective electron-phonon interactions, and electron location site probability. We find 

that the electron stabilizes at oxygen vacant sites in the copper-oxygen chains. In the 

copper-oxygen planes, the electron is unstable and moves into the chain. Upon 

complementing the quantum electron to a positive charge thereby simulating a hole, 

we then find that the hole moves into favorable sites in the copper-oxygen planes. 

These sites are surrounded by four oxygens and two copper ions. Next, by 

decoupling the electron and hole from the lattice, we obtain effective electron-

phonon and hole-phonon coupling constants on the order of 30. These results 

indicate that the next area of research is to move toward a multi-electron system and 

allow for further study of the electrons near the Fermi level. Some of the difficulties 

associated with multi-electron systems such as "exchange", are briefly discussed. 
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CHAPTER 1 

BACKGROUND 

The reason for the phenomenon of zero resistance in superconducting 

ceramics below their critical temperature is presently unknown and the origin of 

intense debate. Only its numerous effects have been characterized. In this chapter, 

we shall consider some of the more important parameters (effects). Specifically, 

those parameters in the study of YBajCujO, (Yttrium Barium Copper Oxide). First, 

the physical structure of YBC0(YBa2Cu307) is presented. This is followed by a 

discussion of the phase transformation that occurs with the onset of decreased oxygen 

concentration. Next, we examine the role that specific ions perform. In the last 

section of this chapter we discuss polarons and electron-phonon interaction as 

possible constituents toward a developing theory that may explain superconducting 

mechanisms. 

1.1 Physical Structure 

YBa2Cu307 is a distorted oxygen deficient perovskite structure. It has been 

identified to have" a Pmmm orthorhombic space group [1]. Figure 1 shows the 

equilibrium structure at room temperature. The primitive unit cell has been labeled 

into six distinct levels. The primitive unit cell consists of a base, level one of copperj 

and oxygen chains with ordered vacant oxygen sites between the copper-oxygen linear 
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Figure 1 YBa2Cu307 at 300K 



12 

chains. Level two is comprised of a barium ion surrounded by four oxygens ions in 

a square geometry. These oxygen ions are directly located above the copper ions of 

level one. Level three has a similar configuration with that of the chain of level one, 

but with ordered vacant sites now occupied with oxygen ions. In addition, the 

copper2 ions are slightly below the plane (or oxygens above their plane). In between 

is an yttrium ion. Symmetry imposes that the next levels 5,6 and 7 be like 3,2,1. 

Since the copper2 are stacked directly on top, they push away from each other due 

to coulombic repulsion. This is indicated in the non-planar distribution of the 

CU(2)02 planes. 

The cell parameters of YBCO at room temperature (300K) are a = 3.822A, 

b = 3.891 A, and c = 11.677A. YBa2Cu307 undergoes a phase transformation with 

variation in oxygen pressure. A decrease in oxygen concentration promotes an 

orthorhombic (Pmmm space group) to tetragonal (P4/mmm space group) phase 

transformation at around 973K. After 973K, it exhibits semiconducting behavior. 

12 Role of Atomic Species 

The copper and oxygen configuration is considered to be £ key element of 

superconductivity. This feature is a common theme to most high Tc superconductors 

where layers of copper and oxygen atoms are sandwiched between layers of other 

elements providing perfect "highways" for electrons to travel. Apparently when the 

orthogonal-tetragonal phase change occurs, this "highway" breaks down and electrons 

can no longer propagate through the copper-oxygen regions. YBCO is a p-type, or 
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majority hole carrier superconductor. This is because the copper atoms are oxidized 

to valences greater than 2+ (2.33+), causing positively charged holes to be introduced 

into the conduction band. 

The distribution of electrons among copper and oxygen makes this compound 

different from that of a ceramic insulator or metallic conductor. In principle, an 

electron maintains a specific orbital about the shell of the ions. An electron in the 

inner shells is more tightly bound to the nucleus, whereas an electron in the 

outermost shell can be more easily removed or shed. This outer shell property is a 

dominating parameter, namely in chemical and electrical phenomenon. 

Oxygen ions prefers to bind to other ( + )ions as a result of their unfilled outer 

shell. Their special property as a gluing agents, holds other ions together which 

provides for fractional covalent bonding from sharing of electrons. Oxygen atoms 

have six electrons in their outer shell (ls^s^p4). They may achieve a much lower 

and stable configuration if they can completely fill the outer shell to eight electrons 

by attracting two more electrons (recall the octet rule). The preference in essence, 

is to move toward a valence charge of 2". 

For example, in BaO where there is a 1:1 correspondence, the barium atom 

has two electrons in it's outer shell. The barium would likewise prefer to lose its two 

electrons thereby minimizing it's energy. In this fashion, the barium and oxygen 

would coexist in a perfect bond. A significant amount of energy is required to 

transfer the electrons from donor to acceptor causing the electrons to become 

strongly localized and unavailable to carry charge. This is one property of most 
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ceramic insulators, where electron balance has completely discouraged any free 

electron throughout most of the bulk. A large input energy would be necessary to 

free just one electron resulting in a large band gap. 

Contrary to this, for a ceramic superconductor like YBCO, oxygen is semi-

covalently bonded with copper, yttrium and barium in a unique and delicate crystal 

lattice which provides for a configuration of excess electrons. 

Yttrium and barium affect copper in a more physical sense. Their presence 

as catalytic ions establish a role only identifiable currently as providing for a large 

A:B ratio with respect to their size. The normal valence of Cu at 2+ increases to 

2.333+. Copper can be oxidized or reduced (here it is oxidized), in any case the 

result is that available electrons have been freed. Some may then couple with the 

oxygen and any excess take an active role in the conduction band. For YBCO, the 

overabundance of electrons in the conduction band provides for sites of positive 

charge carriers that exhibit a higher mobility over electrons. Presumably, it is unclear 

as to whether there is a distinct or continuous band gap in these superconductors. 

To summarize on these key points, oxygen atoms play the role of the bonding 

agent or "glue" component of YBCO. The copper atoms provide electrons, being 

oxidized by oxygen (oxygen content increases YBa2Cu306 -» YBajC^O^. The 

difference between the ceramic superconductor and the ceramic insulator is that the 

latter does not provide many if any electrons, whereas the former supplies an excess. 

High electron density shifts the mobility in favor of positive charge carriers or holes. 
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The previous explanation of charge distribution between copper and oxygen 

arrangements may appear to describe the process of certain ceramics, metallics or 

even a superconducting material. Yet the fundamental nature of the interactions that 

give rise to the superconducting state are still unknown. For example, why wouldn't 

free electrons lose energy from resulting collisions with ions as in the case of 

semiconductors? It appears that somehow the electrons effectively couple with the 

lattice in a quasiparticle phenomenon mediating strong interaction such that there 

is minimal energy loss. 

In the following section, we consider the quasiparticle polaron and the 

electron phonon coupling, a phenomena that has been attributed to metallic and 

semiconducting systems. This work is based on Pines and Nozieres Theory of 

Quantum Liquids" [2]. 
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CHAPTER 2 

SUPERCONDUCTING THEORIES 

2.1 Discovery of YBCO 

Historically, the discovery of YBCO was triggered by generated interest in 

finding a related oxide similar to (La,Ba)2Cu04 with a Tc > 30K which was 

discovered by Bednorz and Muller in 1986 [3]. The most important observation 

made by Chu and Wu, the discovering scientists [4], was that the dTc/dP curve for 

(La,Ba)2Cu04 was positive and large. They assumed that they could increase Tc by 

raising the internal pressure (P), thereby maximizing the dTc/dP slope further. 

Increasing internal pressure was accomplished by having a large A-B size difference 

in ABCuO type compounds. Success was found when they stabilized Yttrium with 

Barium to make YBCO the first true quaternary metallic structure. 

Presently, four, five, and six integrated ionic elements are being discovered. 

Furthermore, they all exhibit increasing layers of copper-oxygen planes[5]. This 

suggests that if the critical temperature changes with variation in internal pressure, 

then the mechanism may veiy well be based on Bardeen-Cooper-Schrieffer (BCS) 

theory. 
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22 BCS Theoiy 

BCS (Bardeen-Cooper-Schrieffer) theory was first proposed in 1957 as a 

microscopic theory for the explanation of superconductivity [6]. It was based on an 

underlying principle that there is a net attractive interaction between electrons in the 

neighborhood of the Fermi surface. BCS says that while there is direct electrostatic 

repulsive interaction between the electrons, it is possible for the ionic motion to 

"overscreen" the Coulomb interaction that leads to a net attractive interaction. 

Furthermore, such attraction might lead to bound pairs of electron [7J. 

According to BCS theory, the critical temperature expression for finding the 

onset of zero resistance involves defining the density of states near the Fermi level 

N(Ef), the average electron-phonon coupling strength V, the Debye temperature 0D, 

and an average coulombic repulsion energy ju [8]. Tc can thus be approximated by 

equation 2.3.2 : 

Tc = 1.14 eD exp [-(X-m)-1] (2.3.2) 

where k = N(Ef)V. 0D = *iwD / kD represents the average phonon energy. 

The focus of the present study is to estimate V, the electron-phonon coupling 

strength in YBCO. Much effort has been expended both experimentally and 

theoretically to test the validity of equation 1 for high Tc ceramics. Unfortunately, 

Tc is very sensitive to A., and n but less sensitive to 0D, which is the only term that 

can be measured accurately. X is also referred to as the "coupling strength" 

parameter. The coupling strength parameter in YBCO has been estimated to be 
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somewhere between 3-10 to explain Tc ~ 90K, indicating a veiy strong coupling, 

almost twice as large as has ever been found in any intermetallic compound [9]. 
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23 Boson/Fermion 

A theory gaining much support in the scientific community explains the 

superconducting properties as possibly being attributed to electrons lying somewhere 

in a regime near the Fermi liquid edge but also maintaining a Bosonic property, that 

is, they are between a Boson-Fermion state. In 1989, Collins et.al conducted infrared 

studies on YBa2Cu307. He found that in contrast to the heavy Fermion materials for 

which the scattering rate(r) varied as co2, the inelastic contribution to b/r was on the 

order of kT + *ig>, which is linear and strongly suggests a "nearly" localized Fermi 

liquid. YBCO may be at the edge of the regime for which Fermi liquid theory is 

well defined [10]. Further evidence has been found in untwinned crystals where 

scattering rate versus frequency measurements were linear. This leads to a 

theoretical phenomenological description by Varma et al. [11] of the electronic 

normal state. It is tempting to describe the normal electronic state as pre-paired 

electrons. The origin of the pre-pairing of electrons is unknown. 

According to Emery [12] superconductivity is possibly the antiferromagnetic 

state of the undoped material. He speculates that in YBCO, mobile holes polarize 

the surrounding spins. This polarization mediates the attractive interaction that is 

responsible for superconductivity. This is expressed as exchange of spin fluctuations 

[13]. Furthermore, while superconductivity has questioned almost every previously 

existing theory, pairing is known to occur. But as to whether this pairing has pre

existed before the approach of critical Tc is unclear. Evidence for double charged 

(2e') in the superconducting state had been established [14] early on. The coherence 
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length, which is the size of a Cooper pair, was calculated to be lOA. A Cooper pair 

is the distance between two electrons. The coherence length is directionally 

dependent along the (b)-axis. This is very short and less than twice the average 

distance between oxygen holes. If these electron pairs do pre-exist, and are formed 

at some high temperature, then superconductivity might alternately be considered a 

consequence of Bose condensation (two electrons in a pair with zero net spin). Kulik 

[15] has proposed that due to the interaction of the two-electron pairs with 

conduction band electrons in the Cu-O layers, the pairs gain kinetic energy and 

become mobile. In the next phase of this process, local pair condensation occurs 

followed by BCS-like ordering of conduction band electrons. This process is what 

occurs for liquid He4, when at about 2K, the center of mass motion Bose condenses 

to form a superfluid [12]. These descriptions lead to the point that maybe electrons 

are localized, which may arise from the electron-phonon interactions. 

2.4 Two Dimensionality Nature 

Khveschenko, Pokrovsky, and Uimin have discussed a possible formation of 

magnetic polarons and bipolarons that exist in small sizes in copper oxides such as 

YBCO [16]. While this scheme follows the Hubbard model [17], they maintain that 

long-range coulomb interaction stabilizes bipolarons and prevents phase separation. 

These magnetic type bipolarons have an orbital momentum perpendicular to the 

copper-oxygen planes. This generated momentum may have enough force to 

suppress antiferromagnetism and allow for exchange interactions between nearby 



21 

polarons. Experimental data shows a linear dependance of Tc on the density of 

carriers in the copper-oxygen planes. With the spacing between the copper to be 

3.8A and 3.88A for the primitive cell in the 'a' and 'b' direction, they claim that the 

dominant factors in superconductivity is 2-dimensional in nature and such electron 

interactions between the other planes or chains is minimal. 

The Hubbard model is not very justifiable, especially in the understanding of 

superconductivity. In a sense, it is a highly oversimplified model that attempts to 

yield results containing the bare minimum of features to yield both bandlike and 

localized behavior in suitable limits. For example, the vast set of bound and 

continuum electron levels of each ion are reduced to a single localized orbital level. 

For more information refer to "Solid State Physics" by Ashcroft and Mermin[7]. 

Khveschenko's main point relates to the two dimensional nature of superconductivity. 

2.5 Electron-Phonon Interaction 

Whether local pairing occurs above as well as below the critical temperature 

remains a topic of special interest to be further investigated. Nonetheless, their 

existence (local pairs) extends to another facet to be dealt with, the electron-phonon 

interactions. In chapter three, we present a more extensive description of the 

methodology used to calculate this electron-phonon energy however here, we present 

a general overview. 

Once an electron has been introduced into a lattice, the interactions that 

occurs between the electron may cause vibrational distortion for the rest of the ions. 
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Movements between the electron and ions force the ions to accommodate the 

presence of the negatively charged particle. A physical description may be illustrated 

as shown in figure 2. 

We see a single electron placed into a simple lattice. The electron«ion 

interactions mediate phonons (ph). These phonon distortions that are generated 

move in a wave-like manner through the lattice. These phonons in turn may then 

interact with the same electron (e"'), where the prime denotes the same electron, but 

maybe in a different state. These interactions are simultaneous and self-consistent. 

Certain phonon(ph) displacements may be preferentially directed depending on the 

crystal. 

The focus of this research is to calculate the electron-phonon coupling energy 

for YBCO in the normal state. The method in which this is accomplished is 

discussed in the next chapter. 

2.6 The Polaron 

The definition of a small polaron is a localized electron. We consider the 

polaron as a prime constituent toward superconductivity and as a basis for the results 

in this study. The polaron was mentioned in 3.3 when discussing the pre-existing 

paired electrons, and also in 3.2 when discussing the origin of BCS theory involving 

"screening" which led to attractive electron pairs. 
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A polaron is known as a quasiparticle composed of a conduction electron that 

is surrounded by a cloud of virtual phonons. These phonons result from the lattice 

distortion caused by the electrons electric field. We define a quasiparticle as a new 
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Substitution of electron into lattice 
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Ion-Ion 
Ion-electro 
electron-Ion 
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e-'(e) 

Figure [2] Interaction between electron and lattice 
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particle that is produced from a subset of a basic particle. The interaction of the 

phonon cloud with the electron modifies the properties of the original particle. The 

mutual interaction may be strong or weak, depending on the coupling strength. 

In the next chapter we discuss the methodology of Classical Molecular 

Dynamics (CMD) including the constraining parameters, and how we can use an 

isomorphism between Feynman's discretized path integral and CMD to model an 

electron placed inside the YBCO lattice. Finally we discuss the method to calculate 

the electron-phonon interaction strength. 
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CHAPTER 3 

THEORY 

3.1 Technique 

We have implemented an original and novel technique known as Quantum 

Path Integral Molecular Dynamics (QPIMD) to study the electronic structure of 

YBa2Cu307. By placing an electron in this structure we can study the interactions 

that take place. Useful information concerning the electron configuration, location 

probability, and electron energy can be determined with this method. In this sense, 

a more complete understanding of the normal state for this high Tc superconducting 

material will be known. The study of the normal state, as previously mentioned, is 

important because the nature of its ability to superconduct is fundamentally different 

from that of any other normal conduction system. 

An effective electron-phonon interaction coupling strength parameter can be 

estimated in the single electron approximation for YBCO. To study YBCO, we need 

to discuss the methodology used. This includes the integration of past work for 

classical molecular dynamics and the quantum path representation isomorphism that 

is exploited. 
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32 Fundamentals 

32.1 Computer Modeling 

Atomistic computer modeling techniques provide a window on the processes 

that take place at the atomic level. These processes cannot be investigated with 

experimental techniques, because of the small scale and short time at which events 

occur. Using realistic interatomic potentials, the microscopic models prove to 

conform to the macroscopic properties. 

322 Many-Body Problem 

Molecular Dynamics (MD) simulation is basically a method for solving the 

many-body problem of 'N' interacting particles. The many-body problem of 'N' 

interacting particles is resolved into a multidimensional space (phase space) which 

represents the number of degrees of freedom for all particles. The number of spatial 

degrees of freedom for a single particle is represented by 's\ For a two dimensional 

system (x,y), s=2, and for a three dimensional system (x,y,z), s=3. Therefore, a set 

of's x N' independent variables is required to describe the spatial configuration of 

the N-particle system. Each particle is assigned a spatial position represented by q^. 

For each position, qj, there will also correspond a conjugate momentum vector pj, 

defined as d&L/dq^ where S£ is the Lagrangian of the system. Since the momentum 

space also requires's x N' independent variable, a total of '2 x s x N' variables will 

fully define the state of the N-body system. 
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The molecular dynamics method allows one to analyze the trajectories of the 

phase space for the N-body system. This phase space is a plot of position {qj} versus 

momentum {pj}. The collection of these particles may represent the true molecular 

structure of a material. By collecting the trajectory of the system once they have 

attained equilibrium, time average properties of the set can be computed. These 

time averaged properties may be representative of macroscopic properties. This is 

shown by equation 3.1.1 

<A> = r A({q(t),p(t)})dt (3.1.1.1) 
T-*a> T J 

o 

3.2.3 Classical Mechanics 

By classical mechanics, it is understood that the equations of motion in a 

'2 x s x N ' dimensional phase space of the N particles obey classical Newtonian 

physics [18]. That is, the idea that Newtons second law, F = ma, applies here. In 

fact, what this equation actually says is that the rate of change in momentum is equal 

to the applied force. By denoting the momentum 'p\ a more general version of this 

equation becomes: dp/dt = p = F. For a mass that does not change as a function 

of time (i.e. constant), then dp/dt = mdv/dt = mr = ma. 

In the case of a three dimensional system the force F, is dependent on three 

spatial variables x, y, and z. The solution which involves solving a second-order 

differential equation requires the knowledge of a set of initial conditions. 
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The second order differential equation of motion for the trajectories of the 

particles are solved numerically along a discretized time line. The major task for a 

computer therefore, is to solve numerically the equations of motion specified by a 

program, for a collection of N particles. 

We start with the general equation for a particle 'i\ F; = mait and use the 

finite difference scheme. The mathematics to solve for the next state is defined as 

follow: 

dV 
F, = m;a; = m= —1 

' at2 II (3.2.3.1) 

which becomes with the finite difference scheme: 

m. 
rj(t+2 At) -2rj(t+A t)+r4(t) 

At2 
= F; = - 3q>i 

9TJ 
(3.2.3.2) 

A potential energy function <pj felt by particle T is introduced. The force on particle 

'i' is nothing but minus the gradient of that potential. The term on the left can be 

re-arranged and solved for the next state to give an equation like: 

2 N 
rj(t+2At) = 2rs(t+At) - lj(t) + — £ 

mi j4-i 

d(p.. V'J 
dr.. rij 

rij (3.2.3.3) 

In this equation, we have written the potential <p4 as a sum of pair contributions from 

all other particles. We have also assumed that the potential of interaction between 

two particles 'i' and 'j' depends only upon their distances, ry. 
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The finite difference scheme uses a time step (At), that changes with whatever 

process is being studied. For example, in a molecular study this time step might be 

a l/100th(0.01) the time for the motion of an ion to vibrate about its center of mass. 

3.2.4 The Hamiltonian 

When we study this last equation of motion based on the Classical Newtonian 

concept, the force term is described by an effective potential (<p). In reality, the total 

energy for a system of particles can be described by its Hamiltonian. The 

Hamiltonian is a representation for the sum of the energies, as basic constituents. 

This may be for a collection of particles, a single electron, a lattice, or a 

macrosystem. For the collection, we simply sum all the individual terms. 

The Hamiltonian for a collection of particles, then has contributions from two 

different types of energies, that of a Kinetic Energy(K.E.) and Potential Energy(P.E.) 

term. In three dimensional space, there are three components for momentum(p1A3) 

and position(q1A3). The Hamiltonian is expressed as: 

3N 

^(Pl»P2»P3»tll'(l2'<l3) ~ ^Pjlj Sl!(tll><l2»£b»4l>Q2»Q3) (3.2.4.1) 
j-i 

The Kinetic Energy is of the form: 

raj(q1,q2,...q3N)<dqj/dt)2, for j = l,3N (3.2.4.2) 
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where ^ is a coefficient independent of time, but may depend upon the coordinates 

of the particles (in a cartesian coordinate system a, = Vim). The Potential Energy 

is derived by taking the partial of the Lagrangian with respect to momentum. It is 

of the form: 

Pj = eL/dqj = dK/dqj = 2-3^ (3.2.4.3) 

by back substituting this into equation 3.2.4.1, it gives the important result 

Hx = K + U = total energy. (3.2.4.4) 

Most often seen, the Hamiltonian is more generally reduced to: 

Ht = Vi X v2; + V(r1,r2,..rN) (3.2.4.5) 

This is the sum of the Kinetic and Potential Energy or the total energy of a system. 

3.2.5 Classical Molecular Dynamics 

Molecular Dynamics technique was first developed by Adler and Wainwright 

in 1957 [19]. The next most important step was made by Parrinello and Rahman [20] 

with the modification of an ionic system to achieve isobaric and isothermal conditions 

in dynamically changing shape and size. 

Classical Molecular Dynamics (MD) is based on the previously discussed 

classical mechanics equations. We use classical MD as a tool to study a high 

temperature superconductor because it represents a numerical approach toward 

understanding the ionic and electronic processes at the microscopic level. 
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In general, there are always limitations with the tools when studying a process. 

The three types, theoretical, experimental and numerical tools presently available can 

only give information proportional to the limitations of the theoretical mathematics 

or limits of the examination equipment. This is also true in Molecular Dynamics 

when we use a computer as the numerical processor. Limitations frequently involve 

computing speed, memory capacity, or round-off error. These restrictions require 

that we use a finite number of particles, and/or minimize time steps. As we shall 

discuss, we must also make certain assumptions including: limiting ionic potential 

range of interaction, and imposing periodic boundary conditions. Nonetheless, we 

can compare any model to real properties and if it is in good agreement, advance to 

a next step as is done in the case of YBCO. 

3.2.6 Periodic Boundaiy Conditions 

From statistical mechanics, molecular dynamics generates trajectories which 

conserve energy thus they are defined in a microcanonical ensemble, where N = # 

of particles, V = volume, and E = Total Energy. They are all constants [21]. 

For a simulation cell with a large number of particles being studied, we must 

impose Periodic Boundary Conditions(PBC), an idea described by Teller[22], PBC 

consists of repeating periodically the system in all directions of space. This 

representation is illustrated in two dimensions looking at figure 3. 

The diagrams illustrate how three particles move, and how their imaginary 

counterparts also follow in the same fashion. Only the central cell is real. This 



31 

• lm lm lm 

-1,1 0,1 1.1 

lm Re lm 

-1.0 0.0 1.0 

lm lm lm 

-1.-1 0.-1 1.-1 

Figure 3 PBC for ions and imaginary cells 
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representation is for a two dimensional system to show simplicity, the actual model 

used is a three dimensional case with 33 = 27 cells. 

PBC provides a scenario where a bulk system can be modeled with some 

degree of realism, since surface effects are eliminated. This sort of "wrap around" 

universe that the atoms are confined in best describe what occurs at the microscopic 

level provided that certain synthetic variables are eliminated or minimized. 

For example, some particles may move out, but then the corresponding 

imaginary particle will replace it, so as to conserve the total volume and exact 

number of particles. Another aspect is to make sure that a single particle will not 

interact with it's own image particle. This situation is eliminated by truncating the 

interaction potential for each particle to half the size of the shortest length of the 

simulation cell. 

Where is the shortest side, and R is the range of interaction. The only 

situations that cannot be studied are phenomenon with wavelengths larger than V2 the 

shortest sides such as principles of standing waves, or particles interacting through 

long range interatomic potentials. 

When PBC and cut-off range are imposed, the effective interaction potential 

for an MD study is the sum over all the pairs of particles: 

Ri * * 



33 

where <p = particle-particle potential energy, and A(ry) = truncation function. 

The truncation is defined as: 

A(rjj) = {1, rjj< Rj and 0, r^ R} 

This truncation function equals zero for ranges greater than the interaction range, 

otherwise it remains 1. 

In a computer simulation, the calculation of the effective potential on a 

particle may constitute a bulk part of computing time since it must sum over all the 

pairs in a system containing a large amount of particles. To reduce this calculation, 

and speed up processing time, we only perform this calculation for neighbor particles 

within a radius Rc (cut-off) of any particle. When a reference particle moves outside 

the shell of neighbors, the list of all neighbors is updated. The specified distance for 

motion leading to neighbor list of updating is defined by: 

6 = (Rc - R;)/ 2 (3.2.6.1) 

where Rc is the desired cut of range, and Rj is the range of interaction. 

3.2.7 Maintaining Constant Temperature 

Since we are in the microcanonical ensemble, and the energy of the system 

is kept constant, the kinetic energy of the system fluctuates. The temperature and 

kinetic energy are directly related to each other by the Maxwell-Boltzman high 

temperature approximation: 

K.E. = 3/2(NkT) (3.2.7.1) 
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More appropriately, we can equate the motion of the particles to the 

temperature through: 

This is a sum over all the particles including contributions from each degree of 

freedom. A coupling scheme to insure that the temperature and kinetic energy of 

the system remain constant can be devised. If the temperature is raised or lowered, 

then we subtract or add kinetic energy through a "heat bath". 

This method leads to the momentum rescaling technique of Woodcock. In 

1987, L.V. Woodcock [23], devised a procedure which scales the momentum of each 

particle to maintain the total kinetic energy constant. The implementation of the 

procedure which is used in the program is as follows: 

• Calculate the current kinetic energy of the system 

• Calculate the scaling factor .a/ -d> where Ta is the actual temperature, and 

Td is the desired temperature. 

• Multiply all components of the current velocities of the particle by the 

scaling factor. 

This procedure is necessary to ensure a constant temperature T for the total system, 

and allows us to perform simulations in the canonical ensemble. 

K.E. = = (3NkT)/2 (3.2.7.2) 
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33 Classical Model of YBa2Cu307 

33.1 Literature Survey 

The electronic structure of superconducting oxides includes significant ionic 

contributions [24]. For instance, the tetragonal-to-orthorhombic structural phase 

transition in LajCuC^ has been predicted simply on the basis of ionic forces in an "ab 

initio" ionic model [24]. Ionic models may therefore provide useful reference models 

for studying the high Tc superconductors. A few attempts have been made to 

construct empirical ionic models of high Tc oxides. All these models take the ionic 

potential to be a sum of Coulomb, van der Waals attraction and a short range 

repulsion interaction in the form: 

Z,Z,e2 C„ --m..(r.) = - it A.e '« (3-3-1) • l|V II' A - 5 II 
rU * * W* rt * 

where the first term is the Coulombic interaction, the second term is the dipole-

dipole van der Waals attraction. The third term is an exponentially decaying core-

core repulsion. 

Whangbo et al. [25] and Evain et al. [26] have produced an ionic model for 

YBa2Cu307 where the parameters were fit to the compounds CuO, BaO, La203, and 

Y203. The charge on copper was taken as +2. The model showed good structural 

agreement with experimental data. The largest error was in the equilibrium position 

of the 04 ion (~0.1 to 0.2 A). The model, however, predicted the orthorhombic 

structure to be more stable than the tetragonal one. 
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Wright and Butler have used a modified point ion model for superconducting 

YBa2Cu307 and the nonsuperconducting YBa2Cu306 [27]. The short range 

interactions were modeled with an attractive van der Waals term and either an 

exponentially decaying or an inverse power decaying core-core repulsive term. The 

stability of the structures required the assignment of a charge of +2.4 to copper ions 

in the YBa2Cu307 material and of +0.7 in the YBajCujOg compound. Both 

structures were also stabilized within this point ion model by adding bond-

orientational forces to prevent any soft-modes from the motion of copper ions in the 

plane and to make the copper ions coplanar with their oxygen neighbors. These 

additional forces were rationalized on the basis of the degree of covalency of the 

Cu-0 bonds. These authors have calculated the normal modes of both structures at 

the r point. Both models (exponential and inverse power repulsions) show normal 

modes with frequencies higher than are seen experimentally. The exponential 

repulsion, however, gives a more reasonable description. 

In this study, the model initially developed by Deymier satisfactorily models 

the interactions in YBa2Cu307 derived from the Born-Mayer-Huggins interatomic 

potentials [28]. A charge of +2.333 was uniformly assigned to all copper ions. The 

cation-cation short range interactions were neglected. Isobaric (with constant shape)-

isothermal molecular dynamics simulations showed that the orthorhombic YBa2Cu307 

phase is stable below 700K. The structure of the orthorhombic model agrees 

satisfactorily with experimental data. The bond length differences are shown in 

table I, the notated ions refer to the positions specified in figure 1. 



Table I 

Atomic Distances in YBCO at 300K 

Bond 
Calculated 

(A) 
Observed 

(A) 
Difference 

(A) 
Y-0(2) (a) 2.434 

(b) 2.187 
2.415 
2.415 

-0.019 
+ 0.228 

Y-0(3) (a) 2.304 
(b) 2.267 

2.378 
2.378 

+ 0.074 
+ 0.111 

Ba-O(l) 2.986 2.879 -0.107 

Ba-0(2) (a) 2.967 
(b) 3.050 

2.976 
2.976 

+ 0.009 
-0.074 

Ba-0(3) (a) 3.010 
(b) 2.996 

2.970 
2.970 

-0.040 
-0.026 

Ba-0(4) (a) 2.724 
(b) 2.745 

2.743 
2.743 

+ 0.019 
-0.002 

Cu(l)-0(1) 1.940 1.943 + 0.003 

Cu(l)-0(4) 2.110 1.850 -0.260 

Cu(2)-0(2) (a,b) 1.967 1.928 -0.039 

Cu(2)-0(3) (a) 2.004 
(b) 1.981 

1.962 
1.962 

-0.042 
-0.019 

Cu(2)-0(4) 2.065 2.303 + 0.238 
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The valence distinction of the copper plane (Cu(2)) and chain (Cu(1)) was 

initially unknown to be the same during the initial research, thus was assumed to be 

the same. It has most recently been verified as cited by B. Cava, where workers have 

demonstrated that the coppers in both the chains and the planes have been oxidized 

to approximately the same valence [5]. 

This model also predicts that above 700 K oxygen disordering in the Cu-O 

linear chains occurs. This disordering is similar in nature to the oxygen disordering 

observed experimentally despite the fact that the oxygen content does not vary in the 

computer model. Oxygen ion/oxygen vacancy swapping is observed. The calculated 

vibrational densities of states give a prediction of the frequencies of modes of 

vibration more accurate than that of Wright and Butler and indicate the presence of 

a soft phonon associated with the oxygen in Cu-O chains. 

A similar empirical two-body rigid ion potential model of orthorhombic 

YBajQ^Oy has been applied to the study of site selectivity by a large variety of 

metallic cation dopants (divalent cations and trivalent cations dissolving along with 

oxygen enrichment) as well as anion dopants (including S2* and halogens) [29,30]. 

This model predicts the correct orthorhombic structure, and realistic elastic constants 

for the crystal. Oxygen vacancy formation is found to be favored at the chain oxygen 

ion sites. 

Interatomic potential models for other oxide superconductors include LajQ^ 

[31,32] and noncopper oxide superconductors such as Ba^xKjJBiO^ All of these 

models correctly reproduce the structure of the superconducting phases. In the study 
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of L^CuC^ [32], a soft phonon mode along the long O-Cu-O axis has been observed 

in agreement with experimental data. Molecular dynamics simulations of 

BaogK^BiOj reveal that oxygen vibrations represent the dominant contribution to 

measured experimental phonon densities of states [33] with an anisotropy in 

frequencies of stretching and bending Bi-O bonds [34]. 

In view of these computational results, it is evident that much insight can be 

gained even with simple models of oxide superconductors. Within the frame of the 

empirical models mentioned in this survey, the following statements can be drawn: 

(a) It is possible to stabilize with simple ionic models some high Tc 

superconducting oxides including the important YBa2Cu307 orthorhombic 

compound. 

(b) Vibrational properties of the lattice can be calculated with a reasonable 

degree of realism even though point ion models have a tendency to 

overestimate the longitudinal optical phonon branches. 

(c) Properties of defects (impurities or vacancies) have been analyzed and 

can be calculated with some level of reliability. 

(d) Soft modes and lattice instabilities have been observed. 

We expand on the work by Deymier in our study and add in the quantum 

particle description of charge carriers. We also redefine the simulation cell. The 

simulation cell size is extended along the primary copper-oxygen planes and chains 

to sizeable dimensions of 6 x 6 x 2 unit cells, as defined in table II and figure 4. 
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Table II 

Extension of Unit Cell 

Model dimensions & Unit Cell 
Comparison (Angstroms) 

A B C  
23.298 22.914 23.392 

a b 
3.819 3.883 

c 
11.696 

A/a 
6 

B/b C/c 
6 2 

Cell Duplication Factor-X/x 

The atomistic model is sufficiently large to accommodate the future single electron 

spatial distribution and extent over 6x6x2 unit cells. We maintain the (c)-axis to 

only 2 cells large. The reasoning behind limiting the simulation cell to only 2 unit 

cells along the (c)-axis arises from the speculated two-dimensionality nature of 

interactions. 

The temperature studied is 300K (room temperature). The length of the 

simulations run for approximately 10,000 time steps. Since the vibration rate of the 

lightest ion (oxygen) ~10"13 seconds and we take this time step to be ~1/100th of an 

atomic vibration, then time averaged properties are calculated over 100 vibrations 

of the ions. Any reaction or interaction with the electron that might occur can take 

place within this time limit. 
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Cell Duplication in a,b,c directions 

1 2 3 4 5 6 
23.298A x 22.914A x 23.392A -e»- a 

Figure 4 Simulation cell extension 
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332 Interatomic Pair Potential Description 

The empirical interaction potentials we considered are of the Born-Mayer-

Huggins type (eq. 3.3.1), the long range term or coulombic (a), the short range Van 

Der Waals attraction term (b), and the core-core repulsion term (c). The second one 

is characterized by two parameters: A^-related to the size of the interacting ions, and 

py or "hardness" of the interacting ions. The values of the parameters used in this 

work are listed in table III. 

Table III 

Coefficients of Particle-Particle Potentials 

Ions Z,(e) WeV) PiO2-0M Qo2- eV 

Y +3 3312. .278 0. 
Ba +2 3067.2 .335 0. 
Cux + 2.3 4824.0 .252 0. 
Cu2 + 2.3 4824.0 .252 38.8 
O -2 22764.3 .149 20.37 

In this model, the short range ((b), (c) type contributions) are neglected for the 

cation-cation pairs. 

333 Ewald Summation Method 

The calculation of the energies between all the pairs of ions involves the 

summation of the Coulombic energy between the ions. This long range interaction 
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yields a very slow converging series. To that effect, it is necessary to use the Ewald 

summation method [35]. The sum of Coulombic terms is broken into (2)two fast 

converging series, one in real space, and the other in reciprocal space. The real 

space term that represents the long range potential: is replaced in this 

summation by a short range: ZiZj/rij(l-erf(rjrij)) where rj is the Ewald parameter. 

The Ewald parameter used is 17 = 5.6/L,^ where = longest side of cell. Under 

this condition, the reciprocal contribution is negligable and neglected. 

3.4 The Isomorphism 

3.4.1 Integration of QPI with MD 

In this section, it is demonstrated how a classical definition of the energy for 

a single electron, is isomorphically related to its quantum representation. Feynman's 

path integral formulation of quantum statistical mechanics makes it possible to use 

a computer to study the quantum many body problem [36]. The simplest type of 

path integral consists of mapping the quantum particle into a closed necklace with 

P nodes. In the case of a continuously infinite number of nodes or in the limit as 

P-H», the isomorphism is exact. 

We examine a single particle (electron) exposed to an external potential 

represented by: <£(r). 

From statistical mechanics, the partition function for a particle is: 

z = j;e"^ (3.4.1.1) 
j-1 



44 

where j is a state of the system, Ej is the corresponding energy, fi = 1/kT, 

k = l.SSxlO'^J/K being the Boltzman constant, and T = temperature of the system. 

The density matrix for a particle which states are described by a Hamiltonian 

H, is defined by: 

p(r,r') = < r| e"*11 |r' > which equals, 

p(r.r') = E^e^^r') 
i 

where Tj is a wave function solution of HTJ = ETj. 

When r = r' then p(r,r') = e"^, thus: 

Z = Jdrp(r,r) 

In Heisenberg matrix notation: 

Z = Tr {p(r,r')} 

The partition function is a trace of the thermal density matrix. Considering P states 

of the particle, the trace represents the diagonal of the density matrix given by: 

<rl|e'H|rl> <rl|e"H|r2> <rl|e' ,H|r3> m n <rl|e"#H|rn> 

<r2|e"H|rl> <rl|e'#H|rl>rl> n n 

<r3|e>H|rl> N <rl|e' ,H|rl> m 

n w «* n 

n n N n 

n n H m 

<rn|epH|rl> m m n n <r.|e->H|r.> 
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By replacing e"^H by [e"*H/p]p, where P is the number of states alluded above. The 

partition function can be further expanded as follows: 

Z = J drjpO^rj) = Jdr1dr2...drp p(r1,r2,/3/P)p(r2,r3,/3/P)...p(rP,r1,/3/P) 

each state is linked to the one before and after it. This is due to the fundamental 

property of the density matrix p(r,r') = J p(r,r")p(r",r')dr". Notice also, that the last 

node is coupled to the first node to form a closed loop. From Hibbs and Feynman, 

the high temperature approximation for the density matrix of a single particle in an 

external potential 4>(r) is given by [37]: 

p(ri'rj>]jJ" po(r"riTJe 

Where p0 is the free particle propagator relative to the temperature P/P: 

•Ht )  =  
Pm 

1 _ 
2
e 20h2 ' J 

2ir@h2 ) 

Notice that the effective temperature in this expression is PT which becomes large 

when P-«JO. By substituting this expression back into the equation for the partition 

function Z, we obtain: 

z- ~ 

' 

Pm 
,zi?0 ) 

3P/2 

J d r T . . .  drp " ''>(3.4.1.2) 
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where 

• • • rF) = E - n.,)2 - j •(?.) ' 
(3.4.1.3) 

with Tj - ri+1 = rp - r^ when i=p. 

The quantum-mechanical problem has been shown to reduce to a classical one 

for which the quantum particle is replaced by a classical closed necklace. The 

interactions between each node with its neighbor is expressed through a harmonic 

potential energy (H.E.) of spring constant Pm/fi2h2 and with the external potential 

through the appropriately scaled potential </>(r)/P. (Notice how the effective 

potential has a summation, representing a cyclic property.) This isomorphism is exact 

in the limit of P -» » and holds only for a high temperature and/or smooth potentials, 

0. 

3.42 Calculating Energies 

We can now calculate the quantities of interest from the established 

isomorphism. To calculate the energy of the electron, we use the partition function 

to express the energy as: 

by substituting the approximation of the partition function (Zp -» Z) into the 

equation, we get: 

E = - d [In Z]/B0 

(3.4.2.1) 
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Parrinello and Rahman[38] have shown that this equation is comprised of two 

energies, that of a potential energy term defined by: 

where the first term is the free particle contribution^ constant), and the second term 

represents the electron-medium interaction contribution to the electron kinetic 

energy. The term riP denotes r; - rP. 

3.5 Process Parameters 

3.5.1 Electron-Ion Potentials 

In this study, we consider an electron in a periodic potential of a YBCO 

crystal. The external potential field (<p) defined in the previous section, is due to the 

ions surrounding the electron. The electron-ion interaction at large distances is of 

the coulombic type. When the electron approaches a cation, the electron starts 

interacting with the core electrons. This interaction includes e"-e" coulombic 

repulsion. In the absence of any other information, it is customary to assume that 

the e"-e" repulsion effectively counterbalances the e"-cation attraction, thus resulting 

into a constant potential energy. The effective electron-cation potential (also called 

(3.4.2.2) 

and a kinetic energy term which upon integration by parts, becomes: 

(3.4.2.3) 
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pseudopotential) is illustrated in figure 5. In the case of e'-anion interaction, the 

electron is expected not to approach to the anion. Although an electron-anion 

pseudopotential exists, it is neglected and only coulombic interaction is considered. 

In the case of a positive charge carrier(hole), a pseudopotential similar to the one 

illustrated in figure 5 is used for the hole-anion interaction while a coulombic 

repulsion is accounted for in the hole-cation interactions. We vary the corresponding 

interacting cores in the range of lA to 2A. 

3.5.2 Application of QPIMD to Superconductors 

The method described above was used in parallel work by C.Y. Lee in 1990 

to study BaKBiO, an n-type superconductor [34]. YBCO has been shown to be a p-

type superconductor, where the majority of carriers are holes. In this work it will be 

shown how an electron can be replaced by a positive electron to simulate the hole 

carrier. 

The electron-classical necklace used contains P=400 nodes at 300K, which is 

a good representation for the high temperature approximation. Lee, as well as 

Landman [34,39] have established that the lower limit approximation is at 400 nodes. 

The test of energy convergence was performed with 200,400 and 500 nodes. At 400 

and 500 they showed no significant variance in energy whereas 200 proved more 

dramatic. The result is an artificial temperature approximation of 400 x 300K or 

120.000K, which is well within the limits to allow us to perform Maxwell-Boltzman 

statistics. 
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Figure 5 Electron-ion pseudopotential 
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3.5 J Radial Distribution Function 

An important function which is computed in the QPIMD program is the 

electron/ion radial distribution function(RDF). The shape of these curves give 

information concerning how spread or concentrated the electron is. Peaks in these 

functions indicate average distances between the electrons and surrounding 

cation/anion. We use a radial mesh of 0.05A. The range of RDF is limited to 

approximately 1/2 the size of the simulation cell (11.5A). It is centered with respect 

to the average nodal position of the electron. The RDF is defined by: 

R.D.F. = n(r)V/N+47rr2 

where, V is volume, r is distance between nodes and ions, N is the number of cation 

or anion, and n(r) is the ions at a distance r from any electron node. 

3.5.4 Model Calculations 

Once the effective potentials have been assumed, and the quantities of energy 

can be calculated based on the isomorphism, we turn to the description of our model 

calculation for an electron immersed in YBajC^Q;. 

We first need to sum over all the contributions of the effective interacting 

potentials. This effective potential is expressed as: 

<Pej(rrRj) 
P 

• 3 EX>i(*.-*!> 
^ 1-1 J-l 

(3.5.4.1) 
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The first term is the effective potential between the nodes in the electron-electron 

necklace. The second term is the electron-ion potential, and the third term is the 

effective ion-ion potential. Statistical sampling of the classical problem defined by 

this potential is performed in a microcanonical ensemble. This sampling is done by 

generating the trajectories derived by the classical Hamiltonian: 

H = £ IM-LF - £ IM.R? - VTIR (3.5.4.2) 
i-1 ^ 1-1 ^ 

This Hamiltonian for the simulation cell thus has three contributions. The first term 

is an arbitrary kinetic energy for the electron nodes. An arbitrary mass is attributed 

to the nodes of the necklace. The second term is the kinetic energy of the ions with 

mass Mj and the third term is the summation of the effective potential from equation 

3.5.4.1. The values of the ionic masses are based on their true sized but normalized 

to the smallest ion (oxygen) which is one. We give an arbitrary mass for the node 

of the electron to be m* = Vim^^,,. Of course, we must impose the restrictions of 

periodic boundary conditions (PBC), and Ewald summation method as previously 

mentioned. 

3.5.6 Electron-Phonon Extraction Technique 

To determine the electron-phonon interaction, an approach from Pines and 

Nozieres is taken [2]. We consider this by breaking this interaction into separate 

parts. Each part is considered in the following cases. 
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Case 1: The first case considered is that of a simple lattice with no free 

electron. The Hamiltonian for a classical crystal is written as: 

H, = HPH (3.5.6.1) 

In a classic crystal, ions vibrate. The crystal possesses some energy which can be 

equivalently described by a phonon representation. Figure 6 illustrates the simple 

case of a lattice with no free electron 

Case 2: A classical crystal with one electron. An electron is placed in the 

crystal, and the Hamiltonian changes to account for the energy increase brought 

about by the addition of the electron. The energy of the electron depends on the 

effect the already existing phonons have on the electron. Moreover, the electron 

affects the crystal lattice, and ions relax to accommodate the electron. The electron 

in turn, responds to that relaxation, modifying it's own energy. This e"-phonon-e" 

interaction takes place in a self-consistent manner. The Hamiltonian then becomes: 

H2 = HPH + HE_ + HC.PH (3.5.6.2) 

The representation is shown in figure 7, with the given interactions specified. These 

interactions are; ion affecting ion, ion affecting electron, and electron affecting ion. 

Case 3: A classical crystal with a decoupled electron. Here we have the 

regular phonon and their effect on the electron energy. Now, however, we do not 

have any effect of the electron on the ionic vibrations. That is, we allow the crystal 



53 

SIMPLE LATTICE 

Figure 6 Simple lattice 
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Lattice with free electron. 
Possible interactions: 

Ion-Ion 
Ion-electron 
electron-Ion 

Figure 7 Lattice with electron 
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to vibrate in it's normal mode as if the electron was not present, but the electron 

stillfeels the effect of the ions. The Hamiltonian then becomes: 

H3 = HPH + HE_ (3.5.6.3) 

The representation is shown as in figure 8. The possible interactions are; ion affects 

electron, and ion affects ion. The electron does not affect the ions. 

Case 4: Determining the electron-phonon coupling energy. We can then 

calculate the energy associated with the deformation of the lattice caused by the 

electron. This is represented by the difference in energy of the electron in the two 

systems defined above: 

AH = He.ph = H2 - H3 (3.5.6.4) 

This is the methodology used in this study of an e" in YBCO to determine the 

electron-phonon coupling strength, or V=AH/huD. The denominator is the average 

phonon energy of 0.1 eV. 

3.6 Starting a Simulation 

To begin the simulation, it is necessary to have a starting configuration. We 

assign a position to every ion in the model based on the experimentally observed 

structure of YBCO. The simulation cell contains: 

72 Yttriums 144 Bariums 

72 Copper(1) 144 Copper(2) 

504 Oxygens 

and a necklace of P=400 nodes for the electron. 



56 

Third, Decouple the electron from the lattice 

Allow the ions to affect the electron, but the electron 
Cannot affect the ions. Possible interactions: 

Ion -Ion 
Ion -electron 
but: 
electronyion 

Figure 8 Decoupled electron 



57 

Another set of parameters that we must specify are the dimensions of the simulation 

cell. We have them specified as shown in figure 4, for a 23.298(a) x 22.914^ x 

23.392(c) angstrom cell. 

The conditions for the simulations must also be specified, they include: time 

step (2.68X10"15S), temperature (300K), ionic masses (Y535, Bag6, Cu3 97, and Ox -all 

normalized to oxygen with me"1/P =0.5, arbitrary), ionic charges (Y+3, Ba+2, Cu+2333, 

O-2, with ±e/P = ±0.0025,* whether the quantum particle is an electron or hole). 

Each of the oxygens have l/400,h of their charge removed or added (e"/hole) to 

balance all charges within the simulation cell. The pressure is at latm. 

Once the system has demonstrated to remain stable, (i.e. has reached 

equilibrium) atomic positions are stored every 500 time steps so a "snapshot" of the 

electron can be obtained. This structural information as well as the radial 

distribution function provide a complete picture of electronic configuration and 

density. 
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CHAPTER 4 

RESULTS 

We present the results for an electron and hole placed in YBa2Cu307. In the 

case of the electron, it was placed into the Cu(1)0 chain and the Cu(2)02 plane, see 

figure 9. The cell was given sufficient time to allow the electron to come to an 

equilibrium position. This time is found to depend on the starting configuration and 

environment in which the electron is placed. Equilibrium is reached when all the 

instantaneous energies of the electron stay consistent. It is important to note that in 

the initial stages, the electron had a very difficult time achieving an equilibrium. On 

the average, simulations of 10,000 time steps were performed, unless the energies had 

converged in the first 5,000 steps. These simulations represent between 50 to 100 

ionic vibrations. 

Figure 10 shows a sample of time showing convergence of the average 

electronic energy. Once the average energies have converged, their instantaneous 

values do fluctuate and assume a single gaussian distribution. This means the 

electron remains in the same state throughout the simulation, in contrast to a two 

peak distrbution that would indicate bistability or transition from one state to 

another. A plot of probability in energy versus energy is shown in figure 11 

demonstrating the gaussian fit. This is for a Potential Energy of the electron when 

a copperj core was 1.6A after 5,500 steps. 
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Placement of electron 
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Figure 9 Placement sites of electron in YBCO 
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First the data collected will be presented, then I will discuss the findings for 

the electron in the Cu(1)0 chain, the electron in the Cu(2)02 plane, and similarly for 

the hole. Table IV contains energy values for the electron in the chain. The hole 

energies on the plane are collected in Table V. 

4.1 Description of Data and Units Presented 

The data reported represent the values of the average potential, kinetic and 

harmonic energy at the end of the simulation. We use "cut" to represent the electron 

decoupled from the lattice. In the case of the electron, all cations other than Cu(1) 

for the electron in chain simulations or Cu(2) for simulations of the electron in plane 

were given a pseudopotential core value of 2.A. In the case of the hole, the hole 

interacts with only one type of anion and only one core radius is necessary. For the 

radial distribution functions, the independent axes represents radial distances from 

the electron. The units in the RDF are 0.05A, that is, we multiply by 0.05A. 

The data from the simulations run also present the energies based on reduced 

units from the QPIMD program. The reduced unit of energy is given by: 

e = Energy = (4.1.1) 
87 4jrco(lxl0-1) 

where e is the charge of an electron equal to 1.602 x 10'19C, and e0 is the dielectric 

constant of vacuum equal to 8.8542 x 10"12 C^N^m"2. When the reduced unit of 

energy is calculated, it comes out to be 14.4eV or 2.304 x 10"18J. Therefore, the 
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energies presented need to be multiplied by e' = e x 14.4eV. This is done in the 

final table. 

The units of time, as previously mentioned are based on the vibration of the 

lightest atom, oxygen. The units in the program come out to be: 

where m is the mass of oxygen, leg/mole/e.C^xlO'23, and c is the reduced energy 

of 14.4eV, and L is the units of length = 1 x 10*10m. 

After calculating r, we get a reduced time step of AT* = (2.68 x 10'15)/r 

which is equal to 0.25. 

The errors on the different contributions to the average electron energy are 

quantified by the standard deviation of the corresponding instantaneous energies. 

The standard deviation of the instantaneous energies is calculated with: 

r = L m, oxygen (4.1.2) 
N e 

n 

E <*.2 - f)2 

i-1 
(4.1.3) 

N n 

where jtx is the mean of x, and n is the number of time steps. 



Table IV 

Energies of Electron in Cu(1)0 Chain 

R<Iul <P.E.> aP.Rinst <K.E.> ffK.Einst <H.E.> aH.Rinst Steps 

1.4 -0.7349 ±0.0377 0.2000 ±0.0580 0.8868 ±0.0524 10,000 

1.4 cut -0.3911 ±0.0210 0.1238 ±0.1371 0.9323 ±0.0414 5,000 

1.6 -0.7124 ±0.0330 0.2448 ±0.0860 0.8245 ±0.0105 8,500 

1.6 cut -0.3887 ±0.0211 0.1348 ±0.0695 0.9190 ±0.0383 7,100 

1.8 -0.7240 ±0.0335 0.2398 ±0.0293 0.8249 ±0.0322 6,700 

1.8 cut -0.4137 ±0.0242 0.1520 ±0.0816 0.9153 ±0.0364 8,500 

2.0 -0.7742 ±0.0788 0.2400 ±0.0200 0.8273 ±0.0343 5,500 

2.0 cut -0.4439 ±0.0191 0.1195 ±0.0953 0.9510 ±0.0356 5,500 

2.2 -0.8225 ±0.0346 0.2536 ±0.0185 0.8155 ±0.0310 2,500 

22 cut -0.4631 ±0.0272 0.1120 ±0.1094 0.9658 ±0.0351 2,500 



Table V 

Energy of Hole in Cu(2)02 Plane 

RoxygcnCm) <P.E.> aP.Rinst <K.E.> aK.E.inst <H.E.> aH.Rinst Steps 

1.4 (lm^ -0.6803 ±0.0489 0.2100 ±0.0392 0.8563 ±0.0394 5,500 

1.4" cut -0.3249 ±0.0272 0.0734 ±0.0967 0.1001 ±0.0412 8,500 

1.4 (5m,.) -1.0628 ±0.0496 0.2000 ±0.0202 0.8674 ±0.0363 5,000 

1.4" cut -0.3285 ±0.0262 0.0759 ±0.0820 0.9897 ±0.0373 3,812 

1.6 (lmj -0.6806 ±0.0372 0.2194 ±0.0000 0.8471 ±0.0450 5,000 

1.8 (ln^) -0.6656 ±0.0384 0.1985 ±0.0340 0.8675 ±0.0353 5,000 

2.0 (lm,) -0.7812 ±0.0391 0.2222 ±0.0447 0.8414 ±0.0393 8,500 

2.0 H cut -0.4377 ±0.0593 0.0811 ±0.0825 0.9847 ±0.0420 5,000 

2.0 (5nO -0.9739 ±0.0471 0.1975 ±0.0237 0.8693 ±0.0376 5,000 

2.0" cut -0.2951 ±0.0529 0.0389 ±0.1021 1.0300 ±0.0424 3,717 
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42 Electron in Chain 

The electron was initially placed in the base Cu^O chain, with a starting Qij 

core of 1.6A. In the starting configuration the electron was extended along three 

neighboring copper ions. Since this was the first time one had used a quantum path 

representation for the electron, it was unknown where the electron would move, or 

how far it would extend. Furthermore, it was uncertain how long it would take to 

reach an equilibrium. Once this happened however, the electron remained very 

stable in the Cu(l)0 chain. It moved into an oxygen vacancy, and distributed itself 

on the edge of the copper core potential well. The electron configuration at 

equilibrium is illustrated in figure 12. 

Next, the Cuj core was slowly varied in the interval 1.4 to 2.2A. Since the 

average copper ions are 3.8A apart, core overlap occurs at around 1.9A. On a 

dynamical basis, overlap is a function of the Cuj vibrational amplitude. The average 

electron potential energy versus copper core curve is shown in figure 13. As the core 

was varied, the resulting electron potential energy is maximized at a core somewhere 

in the range of 1.6 to 1.8A. 

When the Copperl core approaches a radius of 2.0 to 2.2A, cores significantly 

overlap. The results were that the electron no longer had a potential well available 

at the oxygen vacant site. It began to move out of the vacant site and into an 

intermediate site between two oxygens. The (c)-axis projection is shown in figure 14. 
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Figure 12 Electron in initial equilibrium 
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Despite the proximity of two oxygen ions, the new site is a more favorable 

location for the electron as it now interacts attractively with four copper ions rather 

than two. 

L = 
N (l)2 * (I)2 = v'(1-8)2 + (L94)2 0 2-7A 

The radial distribution function (RDF) calculated at 10,000 and 5,500 time 

steps showed little change. This RDF indicates the average distance between the 

electron and the oxygen (anion) or the copper (cation). For a core radius of 1.6A 

the shell spacing as a function of local radial density shows the first two peaks for the 

electron/cation to be at approximately «1.8A and «2.4A. This is in good agreement 

with the instantaneous snapshot of the electron configuration at step 5462. As seen 

in figure 12, the average electron state is halfway between the Cul-Cul ions, along 

the (a)-axis or V2(3.8A)»1.9A. This is the first peak. The second peak is a measure 

of the average spatial extent of the electron along the (b)-axis. An upper limit: 

Figure 15, shows that the electron does not extend to the center of the unit cell from 

the vacant site. 

Differences between estimated peak locations and observed values can be 

attributed to the fact that the "snapshot" picture of the electron is an instantaneous 

position, and changes rather quickly. The necklace dynamically shifts with 

corresponding movements of the copper-oxygen ions which must also accommodate 

the electron by re-arranging themselves. 
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Similarly, the average electron/anion peak is located at about «2.75A. This 

corresponds to the average distance from four oxygens. 

The radial distribution function for the electron when the copper, core is 

changed to the upper limit 2.2A, is compared to the 1.6A. As shown in figure 16, no 

second peak occurs for the e"-cation shell. Now, only one peak occurs at 2.3A. The 

difference in peaks between the predicted e'-Cuj peak of 2.7A and observed peak for 

RCul = 2.2 is 0.4A indicating that the copper ions have had to significantly move 

inward toward the electron. Similarly, the predicted oxygen(anion) peak of 1.9A (or 

V2a) is observed at 3.1 A, indicating that the oxygens were pushed out by as much as 

1.2A. The magnitude of these numbers show the strong electron-phonon interaction 

when the Cuj core radius is greater(>) than 1.8A. 

4.2.1 Decoupled Electron 

The electron was then decoupled from the lattice. That is, the ions were 

allowed to affect the ions, but the electron could not affect the ions. This scheme 

was used to calculate an effective electron-phonon interaction. 

As soon as the forces the electron applies onto the ions are eliminated, the 

electron de-nests itself and delocalizes. No longer does the mutual interaction take 

place to force the electron into a pocket or nest. 

The electron began to spread freely throughout the lattice. Interestingly 

though, it confined itself to the Cu(1)0 chain with higher density at the isolated 

oxygen vacant sites. Figure 17 is the horizontal projection (a-b plane) of the electron 
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showing how the movement is confined in the chain. Figure 18 is a top view (c-axis) 

showing how the electron is confined to the vacancies. 

The radial distribution as shown in figure 19, has significantly changed to show 

only one peak for the e"-cation correlation. This peak occurs at «1.9A proving that 

most of the electrons have moved into the oxygen vacancies or at (V2a)»1.914A from 

the Qij. The peak is thereafter flat because there is little long range correlation 

between the spread out electron and the ions. The electron-anion peak is at 2.7A. 

These figures are for the decoupled electron with the copper 1 core of 1.6A. 

Similar results occured with 1.4,1.8. When core overlap occurs at 2.0, and 2.2A, the 

electron states no longer moved into the vacant sites, but between the two oxygen. 

The next objective was to test the reversibility of the decoupling method. That 

is, if the electron-ion forces were cut, and then re-initiated, could the electron move 

back to its nest configuration? The results proved positive. The electron, when fully 

distributed in the oxygen vacant sites, began to pull inward on itself. The full time 

required to completely localize was very long(> 10,000). Recall, that the final 

configuration of the electron is very sensitive to it's initial configuration and 

environment. When the electron is very spread throughout the lattice, it will take a 

long time for the vibration of the ions to bump the electron back to a natural state. 

Movement of the ions may even force them in opposite directions, requiring longer 

times. It was noticed that the electron necklace was slowly collapsing, taking a long 

time however. This gave a good indication that the same energy state would result 
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Figure 17 Decoupled electron (b-axis) projection 
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from either a prelocalized start or fully extended necklace, a good test for 

reversibility. 

422 Electron-Phonon Strength 

The electron was decoupled and run for different core radii in the range 1.4A 

to 2.2A. The calculated differences in potential, kinetic and harmonic energy 

between the coupled and decoupled electron-ion are shown in figure 20,21 and 22. 

Figure 20 is the difference in Potential Energy between the coupled electron 

and the decoupled electron, or AP.E.= P.E.^p,^ - P.E.decoupled. As one can see, a 

maximum occurs for a copperx core of ~1.8A. Figure 21, is the difference in the 

kinetic energy, or AK.E. = ICE.^,^ - K.E.decoupled. It shows that the electrons 

kinetic energy for Cux core of 1.6A was (0.02)14.4eV = 0.28eV higher than the 

1.8A Qi! core. By taking the sum of (AK.E.+AP.E.), the electron-phonon strength 

is estimated to be: 2(AP.E. +AK.E.) = (-0.22) 14.4eV = -3.17eV at Qij = 1.8A as 

shown in figure 22. This energy is large, suggesting a very strong electron-phonon 

coupling. 

4.3 Electron in Cu(2)02 Plane 

Current literature strongly suggested that conductivity in YBCO takes place 

in the Cu(2)02 plane [5]. The next experiment was to place the localized electron in 

the plane and see if it would stabilize, as was done in the Cu(1)0 chain. We gave 

copper2 atoms interaction potentials of core value equal to 1.6A and assigned all 
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other cations a core radius of 2.0A, including the coppe^ atoms. Unfortunately 

when the electron was placed in the plane, the state proved to be highly unfavorable. 

Five efforted approaches were initiated to stabilize its configuration and nest it in the 

CU(2)02 plane with no success. The different locations and electron configuration 

used are shown in figure 23. 

In case 1, a localized electron was removed from the Cu(1)0 chain in the state 

that it had attained with Qij = 1.6A at time step = 5462 and was placed in a 

sandwich between two copper ions. Within 5,000 time steps, the electron had moved 

from the plane back into the chain. 

In case 2, the electron was condensed to a tighter cluster by physically re

arranging the electron necklace positions to a high density distribution. This was done 

by changing their positions. This effort further amplified the rate at which the 

electron moved out, as a result of the electron charge distribution becoming denser. 

The electron moved out in only 2,000 time steps. A (b)-axis projection is shown in 

figure 22. The Cu2 ions are the periodic linear points. As one can see, the electrons 

have almost completely removed themselves from between the planes, and settled 

back into the Cu(1)0 chain. 

For attempt number 3, the electron necklace was split into two halves and 

placed between the Cu2 ions. Since it was reasoned that the rate at which the 

electron moved out in case 2 was due to the strong charge from a highly localized 

electron density, then a lower density could be achieved by splitting the electron to 

attractive sites, and thereby allow sufficient relaxation of the environment. 
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The electron stayed in state 3 longer than case 1 and 2, however it too soon 

moved out after 8,000 steps. An interesting temporary phenomenon occurred 

nonetheless. Approximately 100 nodes of the necklace remained in the Cu(2)02 plane 

and the other 300 remained in the Cu(1)0 chain. The 1/4 to 3/4 ratio maintained 

in this state for approximately 5,000 time steps, thereafter breaking up. 

Test number 4 was to put the electron back in locations 1 and 2 (between 

Cu2-Cu2) but change the Cu2 core to 1.4A. Since the other simulations were run with 

a Cu2 core value of 1.6A, the deeper potential well might prove favorable to 

sustaining electronic stability. Similar results happened when the copper core value 

was reduced, it still did not remain in the plane. 

In test number 5, another possible configuration was to place it in a diagonal 

state between a positive 3+ charge yttruim that might attract the electron around 

itself. This did not happen. 

The results were no different. The electron just could not remain in the 

plane. It appears the dynamics of the oxygen and copper2 vibrations do not allow for 

a stable negative charge. Contrary to this expectation, as one shall see in the results 

of the next section, positive charge carriers or holes remain very stable in the Cu(2)02 

plane. This concluded the results of the electron study in the Cu(1)0 chain and 

Cu(2)02 plane. 
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Figure 24 Electron movement out of plane (b-axis) projection 



4.4 Hole in Cu(2)02 Plane 

The attempt to study a stable electron placed in the Cu(2)02 plane proved 

unsuccessful. It was decided to make a positively charged necklace. We would 

simulate a hole with an effective mass to that of the electron mh* = lme_, and 

mh* = 5me_ from literature cited [40]. The short range pseudopotential interaction 

of this hole is now with the oxygen, rather than cations. Now the oxygen core was 

varied from 1.4A to 2.oA as this would be the negative ion interacting with the 

positive hole. The electron configuration for initial nesting at steps 5462, at Cu1 

core = 1.6A was removed and placed in the copper-oxygen plane. 

The probability of a hole in the plane site is greater than an electron or hole 

in the chain site. As illustrated in figure 25, the hole can occupy 4 sites per unit cell 

in the plane whereas the electron/hole can occupy only 2 vacant sites per unit cell. 

This proved to be true when the hole was placed in two different sites in the Cu(2)02 

plane. Site 1, was located between the yttrium-barium ions, and site 2, was between 

two copper2 ions. In both instances, the hole moved into a new site between two 

oxygens of the copper-oxygen plane. The hole stabilized very quickly at this position. 

Figure 26, shows the potential energy curve for the stable hole in the Cu(2)02 

plane. The sharp contrast between the hole and the electron in the Cu(1)0 chain 

results relate to the fact that the hole is highly insensitive to the variation in the 

oxygen core. In the case of the electron, there existed a distinct potential energy 
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peak between core radii 1.6A and 1.8A. The hole energy possesses no peak, but 

remains rather constant up to 1.8A, thereafter dropping out due to core-core overlap. 

The initial hole simulated was run with an oxygen core value of 1.6A. The 

site did not change in the range of 1.4A to 2.0A. Projections for a stable hole in the 

case of an oxygen core=2.0A is shown. After 10,000 time steps («100 ion vibrations) 

the hole localizes between two adjacent oxygen sites. The (c)-axis and (b)-axis 

projections are shown in figure 27, and 28. 

As one can see, the periodic points represent the Cu2 ions. The hole is 

localized into a site centered on a Cu2-Y diagonal (top view), sites. The hole 

occupies a space equivalent to the electron, except that it is in an environment richer 

in oxygen ions. 

By looking at the radial distribution function for the hole, one finds that it 

also has an average site on the edge of the oxygen core. The superimposed peak 

for oxygen core of 1.6A and 2.0A are shown in figure 29. The hole/anion peaks are 

approximately the size of the oxygen core at 1.5A for core 1.6A, and 2.1 A for core 

2.0A. The hole/cation average distance is 2.lA and 2.2A for RQ2=1.6A and 2.0A 

respectively. This shows that the favored site is at the center of an oxygen rectangle. 

This site illustrated in figure 28. 

Because of limitations in computer time, the decoupled hole could not be run 

over the entire oxygen pseudopotential range of 1.4A to 2.2A. Values for 1.4A and 

2.0A were calculated and shown in figure 29. This figure presents the total 
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Figure 29 RDF of hole in Cu(2)02 plane, 0=2.0A 
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calculated energies for the hole. It was reasoned that a decoupled hole curve might 

follow that of the coupled hole. Evidence to support this is shown in the small 

difference that was obtained for the two simulations run at 1.4A (0.3554) and 2.oA 

(0.3482) which are indicated by the endpoints outside the lines of figure 30. 

The difference in energy between the bound and unbound hole represents the 

"hole-phonon" coupling strength for YBajQ^Oy. At 1.4, the difference in potential 

energy is AP.E. = P.E.^p,^ - P.E.decoupled = -0.3554 or 5.12eV. The difference in 

kinetic energy is ABLE. = K-E.,^,^ - K.E.decoupIed = 0.1365 or 1.96eV. The sum of 

these differences gives, S(AP.E. +AK.E.) = -0.2189 or -3.15eV. 

Similarly with an oxygen core of 2.0, the values become AP.E. = P-E.^^ -

P.E.decoupled = -0.3482 or 5.01eV. The difference in kinetic energy is AK.E. = 

K.E.COUpied - K.E.dccoupled = 0.1510 or 2.17eV. The sum of these differences gives, 

Z(AP.E. +AK.E.) = -0.1972 or -2.84eV. The hole-phonon coupling is again very 

strong. The hole effective mass was changed to mh* = 5mc or five times the mass 

of an electron [39]. Then the hole was again studied with 02 = 1.4A, and 2.0A. The 

hole density was very localized. That is, the necklace harmonic energy term became 

more taught and the result is that the cloud density became more compact. The total 

energy of the hole became more negative by nearly 70%. A more localized hole 

would interact only weakly with the neighboring cation and strongly with the 
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surrounding anions. Figure 31 shows a (b)-axis view of the hole with effective mass 

equal to five times the mass of the electron. The periodic points are the copper2 ions, 

while the oxygens not shown are between them along the horizontal plane and also 

parallel to them, looking into the page. Notice how the hole has a cloud density 

smaller than before with the effective mass equal to the electron. This is with an 

oxygen core of 1.4A after 8,500 time steps completely equilibrated. 

Similarly, the calculated radial distribution function contains very sharp peaks 

as a result of the hole compactness. The results indicate the electron appearing to 

be like a near-point charge. This is shown in figure 32. The hole-anion peak occurs 

at 1.4A, same as the oxygen core. This shows that the electron stays in the attractive 

potential site fairly well. Similarly, the average distance between the hole and the 

nearest copper neighbors is 2.5A«2.4A. 

4.5 Summary of Electron(hole)-Phonon coupling 

We present in summary the calculated effective electron-phonon and hole-

phonon coupling strengths that were determined. The results show that the hole-

phonon coupling in the plane is weaker than the e'-phonon coupling in the chain. 
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Figure 31 (b)-axis projection of hole with mh* = 5m,. 
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Table VI 

Calculated E'(hole)-Phonon Strengths 

e"/h 1.4A 
Cuj/O 

1.6A 
Cuj/O 

1.8A 
Cuj/O 

2.0A 
Cuj/O 

2.2A 
Cuj/O 

e" -3.9eV -3.1eV -3.2eV -3.0eV -3.1eV 

h+(lme) -3.1eV -2.9eV 

h+(5me) -8.8eV -7.5eV 
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CHAPTER 5 

CONCLUSION 

In this study, we have determined that it is possible to study the electronic 

properties of a superconductor using QPIMD. This work represents a first level 

(single electron or hole) approximation toward understanding the real 

superconductor with many electrons. Furthermore, the technique used in this thesis 

might be a tool to extend to other types of superconducting materials to further 

characterize their differences. 

The results of this research revealed that localized electrons preferentially 

moved to the Cu(1)0 chains into oxygen vacancy sites. When the electron was 

decoupled from the lattice (in the absence of e"-phonon coupling), the primary sites 

of occupation remain the oxygen vacancies but the electrons disperse within the unit 

cell base plane. The effective electron-phonon interaction in the Cu(1)0 chain, thus 

gave an energy of approximately -3.15eV. One can define the electron-phonon 

coupling constant as the ratio of the electron-phonon energy to the phonon energy. 

Taking an average phonon energy of O.leV, one gets a coupling constant on the 

order of 30. 

We could not obtain a stable or localized electron in the Cu(2)02 plane despite 

the many attempts. It is difficult to quantify this, unless we might consider looking 
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at the total energy of the ionic system. Moreover, the dynamics of the copper and 

oxygen in these planes might come into play. 

Contrary to the unstable electron in the plane, the hole was found to stabilize 

rather quickly. It preferentially moved from two different starting configurations 

toward a localized position between oxygens. The hole-phonon interaction is a near 

constant energies of -3.0eV, obtained for m* = ln^ and -8.2eV for m*=5mc. Similarly, 

when the hole was decoupled from the lattice (in the absence of e"-phonon coupling), 

the necklace localized in a planar fashion between the oxygens. Two points to note 

between the electron and hole, first, that it was able to remain localized in the 

Cu(2)Oz plane, correlating with the fact that YBCO is a p-type conductor. Second, 

the hole was nearly invariant in changing its energy with the change in oxygen cut-off 

core radius, which occurred in the electron when we changed the Cu(1) core. We 

may then conclude that for YBCO, electron capture takes place in the Cu(1)0 chain 

corresponding with complemented holes in the Cu(2)Oz plane. Furthermore, the 

number of potential sites available for the hole, as shown in figure 26, at this point 

exceed electron sites. This important fact also correlates with studies suggesting that 

the critical temperature is density dependent on the number of holes in the Cu(2)02 

plane [40,41]. From our calculation, the hole-phonon coupling constant in the case 

of an effective mass = lmc is again on the order of 30. This coupling constant 

increases with the hole effective mass. 

Because the coupling constant is too high, in this study we have realized that 

a single electron or hole simulation corresponds to a particle at the bottom of the 
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energy band structure. This evident from the calculated electron-phonon coupling 

constant. An electron-phonon constant of (3-10) is necessary to explain TC=90K [8]. 

Such a coupling would be between a conduction electron and the lattice. Because 

of its high kinetic energy, a conduction electron in the quantum path representation 

will appear as a delocalized necklace, thus resembling the decoupled electron more 

closely than the single electron we have simulated in this work. We might anticipate 

a lower coupling energy. 

This could be obtained by reducing the effective mass of the quantum particle 

and/or giving it a minimum kinetic energy near the Fermi level. 

In order to establish a more accurate electron-phonon energy, we need to 

move toward a multi-electron system. In the future work, we discuss the limitations 

that exist with these concepts. 
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CHAPTER 6 

FUTURE WORK 

Difficulties arise when we turn to the simulation of a multi-electron system. 

This is because we must consider the problem of "exchange", and multi-dependent 

spin states of electron. Pauli exclusion principle states that no two electrons may 

occupy the same state. This is reflected in the symmetry of the electron-wave 

function. Quantum particles are indistinguishable. The wave function of two 

electrons with opposite spin, has to be symmetrical upon exchange of the electron 

positions. The wave function of two electrons with parallel spin has to be anti

symmetric upon exchange. The same is true for the density matrix used to define the 

path of a quantum particle. In the quantum path integral representation of a single 

electron, the harmonic term of the type, (Pm/2yi2/32}(rrri+1)2 describes the probability 

of an electron in state 'i' to transform to a state 'i+1'. For a two electron system, 

however, four terms of this type have to be accounted for as shown in figure 33. 

These four terms correspond to the following events: 

(a) Particle (1) in state 'i' transforms to particle (1) in state 'i+1' 

(b) Particle (2) in state 'i' transforms to particle (2) in state 'i+1' 

(c) Particle (1) in state 'i' transforms to particle (2) 'i+1' 

(d) Particle (2) in state 'i' transforms to particle (1) 'i+1'. 
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The events associated with exchange of particles lead to the linked necklace 

approach by Chandler [42]. These extra terms are compounded with the introduction 

of a necklace of P states. The way they are compounded depends on the electron 

spin states. 

To our knowledge Molecular Dynamics simulations of this nature have never 

been approached before. The scheme described is currently under evaluation. The 

procedure presently under way is to first model a two electron system in molten KCL 

based on the work by Parrinello and Selloni et al. [43], then implement this in our 

YBCO model. 
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Figure 33 Exchange between two electrons 
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