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1 _v ABSTRACT (Maximum 200 words) 

Under this grant, three main categories of research was conducted, all related to the correlation problem in Theoretical 
physics that arises from Many-Body interactions in Quantum Physics or from the effects of Multiple Scattering on 
Coherence. We have studied the Heisenberg Ferromagnet (HF) both in its classical and quantum versions. New details 
were obtained in the finite-size scaling relations of the HF that are tied to the issue of spontaneous symmetry breaking 
and the formation of Goldstone massless bosons—this was carried out using the celebrated Monte Carlo formalism on the 
classical HF. For the calculation of the Partition Function (PF) of the Quantum form of the HF, we have derived a new 
Theorem we call" A Reduction Theorem'' which substantially reduces the number of matrix elements that contribute to the 
PF. The Theorem is valid for any number of quantum HF spins. In particular we have also obtained closed 
analytical/algebraic expressions of the Partition Function of up to four Quantum Heisenberg Spins. This result can be 
applied to any number of spins on any finite lattice in an approximation scheme that is still being explored. In essence, 
both the classical and quantum methods are needed to resolve some outstanding issues regarding the critical exponents 
of the HF. The finite-size scaling relations are also relevant to the nanotechnology driven issues related to nano-sized 
magnetism. The correlation problem also arises in the case of electron correlations in Condensed Matter when the 
bonding between atoms shows a strong redistribution of bonding orbitals upon condensation and the insertion of 
"impurity" atoms into the system, such as the insertion of Hydrogen into Nickel Aluminides. This we also have studied and 
made a contribution to via our earlier work on band structure theory where we showed clearly that "the Full Potential" in 
the Wigner-Seitz Cell must be taken into account for correct prediction of materials properties. This has now become well 
accepted and has been adopted, even into the Density Functional Formalism, per force. On the coherence properties of 
radiation, we have demonstrated that we can use multiple scattering from specially engineered "roughened" surfaces to 
control the coherence properties of radiation. Though this work has been carried mostly by others, we were instrumental 
in directing the research into the particular aspects of "Coherence Control" because of our involvement in "Photon 
Correlation" in our earlier work under the previous grant. That work produced a first-principles derivation of Quantum 
Optics effects published circa September 89 in Physical Review A. It is clear that we have been investigating concrete 
examples of the correlation problem in order to learn from these and to make an eventual contribution to the "exchange- 
correlation" problem of Many-body Theoretical Physics. 
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Extended Discussion of Results 

We have completed work on the Heisenberg Ferromagnet (HF) wrt its static and critical exponents. This work 
is probably the highest precision work completed to date on these critical exponents obtained using the Monte 
Carlo method. In order to arrive at this juncture we had to improve the very Monte Carlo techniques themselves, 
meanwhile making a contribution also to the statistical sampling methodologies— which in and of itself is of 
value to sampling techniques. In order to resolve issues related to the finite-size scaling of these critical 
exponents, which has persisted to this date, we finally had to focus on Fisher's Helicity Modulus for the HF 
which determines spin-wave stiffness as perhaps "the" key single parameter that characterizes the symmetry 
breaking that occurs at the critical temperature and consequently the appearance of Goldstone (massless) 
bosonic modes. 

For the last year and a half we have been conducting these high-precision calculations but the computational 
methodology is necessarily slow due to the three dimensional characteristics of the spins and the complexity of 
the steps in the calculations. Although we had gone to much larger size lattices than usual, the referee of our 
paper submitted to Phys. Rev. Letters. Prof. M. Fisher, has suggested that we go even further into larger sizes. 
64X64X64 or higher number of spins, to obtain further data to substantiate our conclusions. This has required 
us to tool up our computational hardware substantially. Prof. Fisher suggested this in order that we improve 
further our finite size scaling fits which differ somewhat from earlier theoretical predictions but appear 
consistent with the very latest results from Renormaiization Group Theory methods. Therefore, it was quite 
important to go forward with this retooling oi our aireadv verv comprehensive computational infrastructure. 



Fortunately, one of us is an acknowledged expert in "Cluster Computing'* and thus with minimum of funding 
we have been able to start to upgrade our computational apparatus substantially to achieve this goal. 

We are currently just completing the first-phase construction of this computational resource designed to help us 
address this problem at the requisite lattice sizes and degrees of accuracy. This resource will be augmented at 
least twice more during the life of this grant, which should give us the resources required to properly complete 
this project and publish our interesting results. 

We have also derived a new algebraic expression of the Partition Function (PF) of the Quantum HF for up to 
four spins. This provides an exact closed form expression of the PF that is in reduced computational form 
because of a new Theorem we have proven regarding the matrix elements that enter the calculation of the PF. 
This theorem has general validity regardless of the number of spins involved. Its application to more than four 
HF spins still awaits further research. We have made conjectures on approximation schemes that will be 
explored. If a valid approximation schemes is found, that will give us an independent way of checking the finite 
size scaling relations of the critical exponents of the HF. 

Earlier in our research we had developed a self-consistent non-muffin-tin band structure theory for the 
calculation of the electronic energy level of crystalline solids. We had tested it and found to be rather powerful 
in that it should be able to treat such condensed matter systems as GaAs or tetrahedrally coordinated 
semiconductors where the electronic cloud between atoms do show high density; for such cases, the muffin-tin 
approximation is not valid and cannot be used in a self-coinsistent loop of calculations. Thus we had improved 
upon the celebrated KKR (Korringa-Kohn-Rostocker) theory. This was well explored at a Materials Science 
Symposium in Boston over several days; one conclusion was that one should make every effort to take into 
account fullv the whole of the atomic potential in the Wigner-Seitz cell. That is. not to truncate the atomic 
potential into a spherical muffin-tin part within the Wigner-Seitz cell, throwing away the rest between the 
Muffin-tin regions of the atoms. This then has become the "Full Potential" approach now well adopted. With a 
colleague we have since published papers showing explicitly this point, that unless the full potential is taken 
into account, some essential features of materials are lost— calculations do not agree with experimental results. 
This becomes particularly serious when one deals with hydrogen embrittlement. for example, say in Nickel 
Aluminides. When the electron correlations are thus self-consistently taken into account, then calculated 
properties such as cleavage energies, of defect bearing structures, even complicated ones such as grain 
boundaries and stacking fault energies all agree well with observed data. First principles self consistently 
calculated parameters can then go safely into semi-classical formulations such as the Peirls-Nabarro formalism 
for stacking fault energies. The full potential is introduced into the Density Functional Formalism, per force. 

Based on such successes, we now have gone back and are trying to upgrade our band structure calculation codes 
derived from our theory so that the scientific public will have full access to it via the Internet. Let us give some 
further details below, in the context of our publications. 

We spent a great deal of effort during the period of 1980-1990 on band structure theory stemming from the 
Ph.D. Thesis of Prof. Robert G. Brown from Duke University, developing this "Generalized Non-muffin-tin 
Theory". See. for example, papers by R. G. Brown and M. Ciftan: Phys. Rev. B27. 4564 (1983): "Numerical 
tests of high precision multiple-scattering band theory." Phys. Rev. B33. 7937 (1986): "Multipolar Expansions 
for Multiple Scattering Theory." presented at the 1991 Materials Research Society Fall Symposium (session V) 
in Boston. MA and published in the symposium proceedings, among many others. In the last work, in particular, 
we proved beyond any doubt that the true non-muffin-tin solutions exist and are unconditionally convergent in 
our multiple scattering approach and no other. 

The confluence of these two lines of research were therefore very fortuitous, and we deemed the time 
appropriate for returning to the implementation of our exact band theory in a full self-consistent-field 
calculation.  For the last six months considerable effort has been exDended porting our old band theory Fortran 
joae to C. instaiiins modern numerical metnods ana iibranes in niace of the old. rewriting 



the routines for generating the structure constants of multiple scattering band theory from scratch to take 
advantage of the considerable improvements in methodology that had occurred since our original publications, 
and parallelizing parts of the code to take efficient advantage of the '"beowulf" computational resource being 
built to also conduct our Monte Carlo researches into the Helicity Modulus. 
Effort is also being expended to ensure that the resulting code is optimally portable -- it is being written free 
from the use of proprietary libraries so it can be openly distributed on the web to any who might care to use it in 
the many venues of physics and engineering where high-precision band structure or crystal potentials are 
needed. 

At this time the band structure computation code's status is that the C port is approximately half finished ~ the 
structure constant routines work and effort is being expended on the requisite integrations of coupled ordinary 
differential equations and potential decompositions. We hope to have a working revision completed by the end 
of the summer. In the meantime, we expect to resume our Monte Carlo computations within the next two to 
three week and should keep our computational resources fully busy at nearly 100% duty cycle from that point 
on to drive the Helicity Modulus project on to its conclusion. 

Up to this point in this report we have discussed two of the three subject areas we outlined in the Abstract to this 
report, namely first the highly correlated phase transition phenomena of the Heisenberg Ferromagnet - spin 
systems, and secondly the electron correlations details that enter electronic band structure and materials 
properties of condensed matter systems. The electronic band structure was developed for systems at zero 
temperature (namely no Molecular Dynamics) and in order to better understand and formulate a theory at finite 
temperature (as compared to Molecular Dynamics approaches), we had delved into thermodynamic phase 
transition phenomena and thus worked first on the Ising spins and later have developed a methodology for the 
HF which should better represent the behavior of magnetic systems at finite temperatures. But then why were 
we also involved, right after R. G. Brown received his Ph.D. degree, together with him on Quantum Optics? To 
the outsider, this may appear rather arbitrary. However, the quantum optics system of a collection of two-level 
atoms was the perfect system to study the "Radiation Bath" without getting into the more difficult 
Thermodynamic Temperature Bath - which we finally have been tackling with our HF thrust. At that time we 
did make a good choice and we were able to derive ab intio from first principles a theory where with proper 
formulation of "correlation" between the two level atoms that gave us most of the then known quantum optics 
effects such as Optical Bistability, Photon Echo, Supperradiance. Significantly, we also had found an anzatz 
that worked for us in performing Quantum Demolition. 

Now it was in that context that we had come to appreciate the connection between multiple scattering 
techniques of our band theory and photon correlations in quantum optics. Perhaps we could visit some 
remarkable coherence effects that one of us had been exposed to in his endeavors with Dr. Edward Collett and 
Prof. Emil Wolf who had devised a theory for the control of coherence. When finally the celebrated Universal 
Conductance Fluctuations was discovered, and the confluence of this condensed matter physics phenomenon 
with its counterpart in Optics became clear, one of us pursued this line and did contribute to research on 
scattering of light from surfaces whose roughness-characterizing statistical moments could be designed - to 
produce such remarkable coherence control effects as the controlled retro-reflection of light scattered from these 
surfaces. That is why you see a number of publications in optics in the listing of publications provided. 

In conclusion, we have demonstrated effects of correlations in spin systems, in electronic systems, and in 
photonic systems. We have seen these effects as high order correlations, localization v.s. delocalization. 
whether it was spins forming clusters near the phase transition temperature and their breakup due to the 
thermodynamic bath, the correlation of electronic Orbitals joining atoms into molecular-like Orbitals localized 
by inserted impurities such as hydrogen, or the correlations of photons to various orders forming partial 
coherence or the break-up of such due to thebdegree of randomness introduced on roughed surfaces in specific 
ways. 
Thus we have been studying the role of correlations in Theoretical Phvsics. 


