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I. Final Report (11/15/95-11/14/99) 
There has been significant progress is three broad areas: (A) Optical properties, (B) 

Large-scale computations, and (C) Many-body systems. In this summary the emphasis is 
primarily on those papers that  point to the research plans. -4t the same time, some important 
analytic work is not neglected, some of it even appearing in the description of large-scale 
Computations. Indeed one of the aims of such computations is to give new insights which 
lead to development of models capable of simple analytic or nearly analytic analysis. 

A.  Optical Properties 
The relevant papers can be roughly dividcd into three topics: local-field corrections, 

improving upon local density theory, and magnetic circular dichroism. 
Local-field correctz ons 

This report represents the end of nearly a decade of work on optical properties on bulk, 
undefected materials. In that time a group of collaborators have pioneered efficient ways t o  
compute the nonlinear and other optical properties of semiconductors and insulators. Over 
two dozen different materials have been studied for a variety of crystal structures and optical 
properties. Two features characterized the work: 
o Local fields. Our calculations were the first to include local-field corrections within 

first-principles band structure calculations. Recently an alternate formulation for local- 
field corrections of the second-harmonic susceptibility has appeared.+ We have showed 
that this new formulation is equivalent to the sum-over-states rnethod we have been 
using for years.14§ While the new formulation is algebraically simpler than ours, its 
relatiw computational efficiency awaits verification. For our code, successive algorithmic 

g improvements have reduced the sameplatform computational time nearly two orders of 
us to  expIorc increasingly larger systems. 

That thc Local-Density Approximation (LDA) substantially undcr- 
energy gap cause:: straight-forward computation to seriously overestimate 

properties, which depend strongly on the inverse powers of the energy gap. The 
operator" was introduced to uniformly shift all conduction bands upward by 

equal to the difference between the measured energy gap and the computcd 
This correction, which also included a concomitant correction to the current 

very well for small- and medium-gap semiconductors, but is less SUC- 

semiconductors and insulators. The next subsection of this progress 
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report introduces a next step in the argument and points to the proposal section. There 
are two greater difficulties with the scissors operator: 

Materials by design. For prospective new semiconductors or heterostructures 
the scissors approach is a non-starter since the measured energy gay is necessarily 

t A. Dal Corso, F. Mauri and A. Rubio, Physzcal Review B 53, 15368 (1996). 
5 The reference numbers refer t o  numbering of DOE publications listed in Section I.D. 
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unknown for an unmeasured, dreamed-up new material. This necessitates the use 
of a first-principles method, called GW, to make an estimate of the gap. This 
computationally difficult. approach is a significant part of the new proposal. 
Defected material. Even more importmtly: many new materials are defected - for 
example, GaN-AIGaN blue LED's have substantial defects even in the best material. 
It is essential to simulate the optical properties of defected materials - a challenge 
a.ddressed in the proposal. 

Admittedly there is much t o  bc done, nonetheless there is success worthy of note. Nor- 
mally including local fields produces a ten percent change in the first-order susceptibility 
and at  most fifty percent in the second-order s u s ~ e p t i b i l i t y . ~ ? ~ 1 ~ ~  The first figure reports13 
the largest local-field effect we have found. The optical rotatory power describes how much 
light's plane of polarization rotates as the light passes through the materid. Best measured 
for quartz it is much larger in other materials such as selenium. In quartz the local-field 
effect increases the rotatory power a factor of seven! But in selenium it changes its sign! 

Optical rotatory power ~ p / ( t w ) ~ ]  for trigonal 
Se. Arrow indicates the zero-frequency com- 
puted value including local fields, while higher 
lying line gives the lower frequency depen- 
dence without local fields. Note both large 
difference in magnitude and the difference in 
sign. The experiment [W. Hernon and F. 
Eckart, 2. Naturforsch. 19A, 1024 (1964)] 
does not give the sign of p ;  we use negative 
choice for cornparion with our calculation. 

Improving upon local density theory 
That the Local-Density Approximation underestimates the energy gap is a continuing 

concern. Beyond ad hoc assumptions, such as the scissors operator, thcrc must be a fun- 
damental understanding which can be computationally implemented. One approach3 is to 
recognize that the exchange-correlation potential in Density hnctional Theory depends on 
the polarization density P. This dependence can be characteri~edl~ by -( = #Ez,/13P2. For 
a range of medium-gap group IV and 111-V semiconductions y is remarkably constant, about 
-0.25 4 0.05. Further this result can be correlated with the LDA bandgap mismatch. For 
semiconductors with first-row elements (13, C, N and 0), the scissors approach fails and 7 
varies by a factor of two. It turns out to be useful to display the results as a function of aver- 
age bond length. Indeed comparing the scissors to the experimental susceptibility shows that 
the major discrepancies are limited to first row elements with short bond lengths (see figurd5 
on previous page). The P-dependent approach can also be used to estimate second-harmonic 
susceptibilities finding a successful Miller-like expression: Xezpt  (2) 3 [ x e Z p t / ~ ~ ~ 1 - . 4 ]  3 X L D A -  (2) 

9 X. Gonze, Ph. Ghosez and R. TV. Godby, Physical Review Letters 74, 403 (1995). 
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~ ~ & ~ ~ / ~ ~ ~ p t  for 12 semiconduct.ors as a func- 
tion of the average bond length. Perfect agree- 
ment between experimeut and scissor opera- 
tor would correspond to ratio of unity. The 
scissors results increasingly deviates from ex- 
periment as the bond length decreases. For 
Se we show only the extraordinary compo- 
nent. For all other materials we average over 
ordinary and extraordinary components for a 
simpler presentation of the data. 
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In the proposal we wilI propose a first. principles way of computing the conduction stat- 
with the aim of not only getting trustworthy predictions for defected, complex structures 
but also developing a qualitative understanding of how the bonding affects the properties. 
Magnetic circular dichroism 
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Calculated circular mapet ic  dichroism 
of the L2,3 edge a t  the a t e  of Fe for fer- 
romagnetic Fe, cubic Fe3N, hexagonal 
(hcp) and cubic Fe3N and Fe4N scaled 
by the spin magnetic moment. The 
scaled dichroic curves fall on a single 
curve. (The Fermi level is at  the zero 
of energy.) 

In passing, we note that the role of structure in magnetic properties has been studied in 
(i) two phases of cobalt12 - one of which is artificially stabilized by MBE growth techniques - 

10,29 and (ii) antiferromagnetic ground state of halogen-bridge linear-chain nickd compounds. 

B. Large-Scale Computations 
Given the primary emphasis 011 largescale computation in the proposed work, among 

the ten published papers in this section those more relevant for future work will be stressed. 
The themes are O(N) algorithms for electronic structure, molecular dynamics to  determine 
stable structures, extended defects, object-oriented computing and dynamically handling 
laxge basis sets. 
O(N) approach: nonorthogonal localized orbitals 

Until recently, the central difficulty in largesystem electronic structure calculations was 
a bottleneck step - usually the orthogonalization of the wave functions - that scaled as the 
cube of the number of atoms. Some progress was ma.de in doing this step as infrequently as 
possible but. it remained the bottleneck for truly large systems. The advance reported here 
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is for a tight-binding calculation in which computation time scales linearly with the number 
of atoms, a so-called O ( N )  method. 

The essential ingredients4 are two: (1) use of a limited set of nonorthogonnl, localized 
orbitals: with the set only slightly larger than the number of occupied states; (2) reformu- 
lation of the eigenvalue equation for the nonorthogonal orbitals with overlap S: H$ = E$ 
into one with an effective Hamiltonian (2 - S)H which can be shown to  have the same 
ground state as the original problem. This effective Hamiltonian can be solved iteratively in 
a time that scala as the number of the atoms because both the declive Hamiltonian and 
the wave functions me sparse.? Our work i:j not unique; others simultaneouly found similar 
approaches. 
Molecular dynamics 

A theme in the proposal is the gowing, important use for electronic structure calcula- 
tions$ to generate the forces for molecular dynamics needed to understand real systems such 
as surfaces and defected material. For example, we used of the O(N) tight-binding molecular 
dynamics to  project 78 C28 clusterst onto ii diamond substrate) on which 50 remain t o  form 
a film.2' The microstructure of the deposited film supports recent suggestions that there is a 
new stable form of carbon, the hypcrdiamond solid. The O ( N )  method was essential for this 
quantum calculation of unprecedented size and time - cells of up to 4472 atoms for about 
70 picoseconds. In addition) the approach was used to  study C2g solids.2s 

The growing importance of mcdecular dynamics is illustrated both by an eadier study 
of the surface phonons of the Si(11:1)-7x7 reconstructed surface' and an ab initio molecular 
dynamics study of the structure and transport properties of liquid germanium.17 This latter 
study utilized a classical potential to  produce the initial starting configuration subsequently 
followed by timeintegrating the ionic equations of motion, with the forces generated by 
a complete LDA electronic structure calculation, but keeping only six empty bands. The 
diffusion constants computed both from the mean-square displacement and from the velocity- 
velocity autocorrelation function agree within 10 percent over the temperature range 1250 
to 2000 K. In the  mean-square displacement calculation a remarkable linear-in-temperature 
behavior is seen even within the short 1.5 ps (about 500 times steps) simulation. 

Finally, we note that another role of molecular dynamics is t o  provide an underpinning of 
more phenomenological treatments) for example, of surface processes - such as the stepedge 
kinetics and fluctuations. For example, scanning tunneling microscope studies of silicon sur- 
faces have turned up rich out-oi-equilibrium dynamics on both metallic and semiconductor 
surfaces. In the case of step-edge kinetics, intuition is sufficiently advanced that Langevin 
kinetic models are capable of describing the motion of an isolated atom to describe attach- 

t This fortunate situation only occurs with gapped systems such as insulators. For metals, 
some of the wave functions are not localized, while the Hamiltonian remains sparse. The 
best method scales as O(N2) .  

f Surely we have already shown their use in the understanding of optical properties. * Of all the small fullerenes, C2s is the most studied, believed to be the smallest fullerene 
created in the photofragmentation of c60. 
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ment, diffusion over a terrace, diffusion along an edge and evaporation. The analysis can be 
carried sufficiently far to  make connection with experiments: including extracting mesoscopic 
transport coefficients and distinguishing between competing mechanisms. 32,35 
Extended defects in silicon 

The steady evolution t o  smaller and smaller chip structures is threatened by transient 
enhanced diffusion (TED). Ion implantation induces TED of dopants: the diffusivity of the 
dopants is abnormally enhanced fca a transient period of time after ion implantation. The 
lattice damage, introduced during ion implantation, is probably responsible for fast diffusion 
of dopants. For example, the TED of boron places limits on the use of B+ implantation 
in fabricating submicron devices. Since boron diffusion is linked to Si interstitials which 
lower the activation energy, boron TED is believed to be due to excessive Si interstitials. 
The interstitials generated during implantation annihilate during the diffusion process, thus 
turning off the enhanced diffusion. On the basis of TEM studies, it is believed that the 
Si interstitials generated during implantation cluster in extended (311) defects. Our calcu- 
lation examines (i) the structural properties and energetics of the extended (311) defects 
depending on their dimensions and interstitial concentrations and (ii) possible mechanisms 
for interstitial capture by and reIease from the (311) defects. 

Central to the calculation is a pasalleljzed O(N) tight-binding code running on a Cray 
T3D, subsequently ported to the T3E. 1% investigate the (311) defects systematically from 
few-interstitial clusters to planar defects embedded in systems of more than 1000 atoms. 
For a given defect configuration, constant temperature molecular-dynamics simulations are 
performed at 300-600 K for about ii picosecond (with a sub-femtosecond time step) to avoid 
trapping in local minima of the atomic structure with small energy barriers. We find that 
interstitial chain structures along the (011) direction are stable with respect to  isolated 
interstitials. The interstitial chains provide the building blocks of the extended (311) defects, 
that is, the extended (311) defects are formed in the (233) direction. We find that the 
succcssive rotations of pairs of atoms in the (011) plane is a mechanism with very small 
energy barriers for the propagation of interstitial chains. This mechanism, together with 
the interstitial chain structure, can explain the growth of the (311) defccts and related 
structures such as V-shaped bend structures and atomic steps observed in transmission- 
electron-microscopy images. The figure22 on the next page shows one of the extended defects 
formed from interstitial chains. 

Projection of the {Oil) plane of rod-likc 
(311) defects containing two interstitial chains 
running into the page. Each chain is des- 
ignated by a pair of atoms one above the 
hexagonal net and one below. Note pat- 
tern of seven- md fivemember rings around 
six-member rings bracketing the intersti- 
tial chains. 

Objec t -o~ented  programming 
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In previous proposals we have mentioned the use of object-oriented programxning meth- 
ods used to  produce reusable code and to  speed up the writing of large codes. By putting 
the physics at the highest level of the code, i t  is possible to quickly implement new physical 
ideas. An example I often cite is that of a graduate student who changed from a Hamilto- 
nian involving continuous atomic orbitals to another based on a lattice. After writing a new 
Hamiltonian module to  use in the remaining threethousand line code, the new problcm was 
up and running in half a day. It seemed appropriate to share our experiences more widely. 
Our paper not only extols the positive but points out the difficulty of thinking in a new way 
- object, oriented - and the lack of equally good compilers on all ar~hitectures.~' 
Coherent electron-hole correlations an quantum dots 

One particular example where object-oriented methods have proved valuable is the study 
of atomic and atomic-like systems. Our methods are now sufficiently advanced that we 
can follow the time development of a many-body wave function. In a quantum dot, using 
numerical time propagation of the t:lectron-hole wave function, we demonstrated how various 
coherent correlation effects can be observed by laser excitation of a nmoscale semiconductor 
quantum dot. The lowest-lying states of a n  electron-hole pair, when appropriately excited 
by a laser pulse, give rise to charge oscillations that are manifested by beatings in the optical 
or intraband polarization. Simulations haxe been done for a GaAs 5 x 2 5 ~ 2 5  nrn3 dot in 
the effective mass approximation, including the screened Coulomb interaction between the 
electron and a heavy or light hole. 

The figure18 on the next page shows the effect of turning on the Coulomb correlations. 
After an initial pump creates an electron-hole pair, a subsequent probe of the polarization 
shows that the Coulomb interaction induce; a beating between states with different quantum 
numbers for both the electron and the hole. In an uncorrclated system, this would be 
impossible. The effect could be observed in this case as one of the states is radiative and the 
other is nonradiative. 

Unconelsled Hsrlnw 
15 ~~~~ Coherent beating in the optical polarization 

due t o  a superposition of two states. In the 
absence of correlation, the 350 fb pump just 
turns on the polarization. The Coulomb in- 
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One unfortunate consequence of the nearly 40 percent decrease in DOE funding since 
my moving to OSU is that support for this work has had to be fragmented between two 
agencies in order to  keep it alive. 

C. Many-Body Systems 
This sect.ion briefly describes a wide range of many-body problems that have been s u p  

ported by the proposal. ppically the efforts consist of a short series of papers aimed at 
exciting experimentalists or occ~'ioxially other theorists. Normally the series terminates 
when the student or postdoc moveis on, taking the problem away. 
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Peierk transition in quasi-one-dimensional matereads 

The study of the optical properties of the Peierls transition in a disordered system 
could have ended when Ross McKmzie and Kihong Kim returned to their home countries. 
Certainly some of the p a p e r ~ ~ z ~ ' ~  represent the final work being published. The principal 
achievements were solid computations of the density of states and optical conductivity for 
disordered-modified Peierls system. The optical absorption curve has been widely cited and 
used by experimentalists. Kihong Kim continued to visit every six months for about two 
years with the aim of computing the optical conductivity associated with the soliton. Since 
the detection of the soliton is the principal basis for the acceptance of the Peierls descrip- 
tion of many quasi-onedimensional systems, it seemed reasonable that a solid prediction 
would stimulate more careful experimental measurements than existed. To the contrary 
the p ~ b l i c a t i o n ~ ~  of the calculation with a. clearly identified set of questions to be studied 
produced no response. Clearly it. is time to1 quit. Eventually experimentalists will return to 
these systems and look more closely at the soliton absorption. And we believe they will be 
surprised by the shape of the absorption. 

Kondo systems 

The Kondo problem - a magnetic im:purity in a metal - has fascinated theorists €or 
over 30 years. In 1981 the PI after more than five years of work on the single-impurity 
Kondo model, turned to  the two-impurity Kondo model in the hope it would provide insight 
for the concentrated case. That work' used thermodynamic scaling theory to analyze the 
competition between the conduction-electron-mediated (RKKY) interaction I ,  which tends 
to align the  impurity spins, and the  Kondo temperature T', below w-hi& the conduction 
bands screen the magnetic moments. The prediction of a two-stage Kondo effect and a 
smooth transition from the Kondo regime (kgT' >> 111) to the RKKY regime (111 > ~ B T K )  
turned out to  be the tip or the iceberg of increasing qumions. Subsequently the competition 
was shown to generate, for exarnplc, non-Fermi-liquid behavior and a strange sensitivity to 
particle-hole asymmetry. 

* C. Jayaprakash, H. R. Krishna.-murth:y and J. W. Wilkins, Phys. Rev. Lett. 47, 737 
(1981). 
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Temperature dependence of the square 
effective magnetic moment for three im- 
purity spacings. The bold lines are the 
single-impurity Bethe Ansatz curves de- 
scribing the Kondo cross overs. The 
single-impurity curve serves as a tem- 
plate for the low temperature stage of 
the two-stage Kondo effect ( ~ F R  = 7r/2, 
0). As thc temperature lowers from kBT = 
D, the susceptibility r ise and fdlu, as 
a triplet forms ( ~ F M )  and is screened, 
first by the one chmnel (S = 1 + 1/2) 
and then by the other one (S = 1/2 --t 
0). By contrast, the effective moment 
decays rapidly ( ~ F R  = 7r, 0 )  when a sin- 
glet is formed ( ~ A F M ) .  Hopefully the 
evidential success of the calculation is 
not overwhelmed by the plot's bravura. 

With a former student, Professor Luiz Oliveira, on sabbatical we used his improved nu- 
merical renormalization-group proccdurc, prcserving t he particle-hole asymmctry, to corn- 
pute the susceptibility over 13 decadcs of tcmperature and the low-tempcraturc specific heat 
(sce figure7 above). For large ferroimgnetic RKKY couplings, a two-stage Kondo effect (as 
predicted fifteen years previously) screens the triplet-correlated moments. For large antifer- 
romagnetic coupling: the impurities develop singlet correlations and contribute Van Vleck 
terms to the low-temperature properties. For vanishing particle-hole asymmetry, previously 
foundt critical behavior emerges at low t e m p e r a t ~ r e . ~  

A more microscopic description of the magnetic impurity is provided by the 1961 An- 
derson model. Subsequently thc model has been extended t o  the lattice in the hopc that 
it could explain magnetic phenomena. One interesting feature of the impurity modcl is the 
so-called orthogonality catastrophe which turned out to be relevant for understanding x-ray 
absorption and emission anomalies. With time the studies got more sophisticated - includ- 
ing the effect of the finite-mass atomic recoil in the X-ray process - and now extending this 
efTect t o  t h e  lattice. A principal result. in contrast to  the paturbativc calculation, was to  
show the strong dependence of the catastrophe on the the mass of the recoiling atom.16 
Constrained path Monte Carlo: p a i r i q  in Hubbad model 

Always eager to learn new ways to study many-body systems, we took advantage of a 
unique opportunity to attract a veiy talented postdoc, Shiwei Zhang, to teach us quantum 
Monte Carlo techniques. The only down side was that  he was so good, as soon as he arrivcd 
permanent and tenure-track offers started pouring in. During his fifteen months with us, 
he completed the development of a new method, made an important observation regarding 
superconductivity in the Hubbard model, and inspired one young student to  continue with 
studies of quantum Monte Carlo methods. For fermion ground states, the constrained-path 

t B. A. Jones, C. M. Varma. and J. W. Wilkins, Phps- Rev. Lett. 61, 125 (1988) 
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Monte Carlo methodlg reformulate the ”walkers” as Slater determinants so as to allow an 
easy check that the wave function has not; changed sign. This variational solution to the 
so-called “sign problem” permits computation of much Iarger systems than other quantum 
Monte Carlo methods: since the cornputatlion time scales algebraically (as opposed to  ex- 
ponentially) with systcm size. In particuiar, for the twcdimensional Hubbard model the 
long-range correlation of both extended 5 and d,2+ pairing decrease with increasing sys- 
tem size.2o This is certainly not good new:; for the Hubbard model’s role in understanding 
high temperature superconductivity. In any case, our interest in using quantum Monte Carlo 
techniques continues and the intrigued student is going to a relevant NATO summer school. 
Interference between scattering processes 

Renormalization of the Dnide conductivity by the eledron-phonon interac- 
tion. It is an article of faith that the Driide conductivity - that is, the conductivity due 
to impurity scattering - is not renormalid by many-body interactions. Unfortunately it 
t u n s  out that the paper routinely citedf never considered this possibility Instead attention 
was restricted to resistivity due to  electron.-phonon interactions alone. We showed that for 
impurc metals the Drude conductivity is decreased by a temperature-dependent factor pro- 
portional to the electron-phonon coupling. Because of an expected negative response to this 
claim, we demonstrated it by both linear response and quantum transport approaches. The 
effect, while comparable to  the bare Drudc? conductivity, will be masked by the large tem- 
perature dependence of electron-phonon scattering. This effect should be present in other 
transport coefficients, especially the thermal electric power.8 

Electron-electron relaxat ioio in layered metals and superconductors. To the 
lowest order in the eledron-electrm interaction there is a non-Golden-Rule contribution 
that tends to reduce the scattering. This term is irrelevant in three dimensions, but in 
two dimensions causes the relaxatdim rate to acquire a logarithmioin-temperature factor in 
normal metals and supercond~ctors .~~ Another two dimensional effect arises from the gapless 
plasmons, which produce a universal correction to the tunneling density of states which in 
turn strongiy modifies the conductance of i t  tunnel bridge in a double layer ~ystern.~~ 

Heat current operator in a system of interacting electrons and phonons. The effect 
of many-body interactions on the heat current and the relevant properties - thermal con- 
ductivity and thermal electric cffed; - are poorly recognized. Two dfferent approaches have 
been used to separately and carefully derive the appropriate heat current operator, including 
an explicit demonstration of the Onsager 

Electronic structure and t he  Kondo effect. An LDA calculation of the band-f 
hybridization for CezLal-,Ms compounds (z = 1 and 2 + 0; M = Pb, In, Sn and Pd) 
has been combined with the noncrossing approximation for the Anderson impurity model. 
The results produce the crystalline electric field splittings and the Kondo temperature with 
trends in good agreement with experiment and demonstrate the need for detailed electronic 
structure information on hybridization to describe the diverse nature of Ce 

8 R. E. Prange and L. I? Ka.dancd€, Phys. Rev. 134, A566 (1964). 
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Sonoluminescence. Every t‘heorist sihould be allowed to explain this extraordinary 
observation: ultrasound-modulated gas bubbles exhibit high intensity light pulses. The idea 
proposed is the cooperative interacl;ion of the material in the bubble with the radiation field. 
Collective spontaneous emission of a population-inverted atomic/mol~ular state can lead to 
a light-pulse time scale consistent with observations. Pumping by the ultrasound can provide 
the necessary condition for inverted states to be correlatcd over the small volume to trigger 
sonoluminescence. The observcd role of trace impurities is consistent with this 
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