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1. Hubbard model

Resultsforthe single-particledensityofstatesand the conductivitywere obtainedfor

both the attractive-and repulsive-UHubbard models [i,2]."At half-fillingthe densityof

statesfor both models are identical,but the gap for the attractivecase arisesfrom the

formationofcharge-density-waveand superconductingcorrelationswhilefortherepulsive-

U Hubbard model the gap isthe Mott-Hubbard gap and arisesfrom the antiferromagnetic,

Coulomb, correlations.When the attractiveHubbard model isdoped away from half-filling,

the Fermi levelmoves graduallyaway from the half-filledposition,stayingin the center

of the gap. When the repulsivecase is doped away from half-filling,we findthat the

chemical potentialshiftsto the top ofthe "lower Hubbard band" ifelectronsare removed

or to the bottom of the "upper Hubbard band" ifelectronsare added. Resultsforthe

conductivityand the Drude weight as wellas the susceptibilityand the effectiveelectron-

electroninteractionare contained inthesepapers.

Hubbard chains were studied [4,5]using a generalizationof Ilandscomb's quantum

Monte Carlo scheme. The ranges of validityof recentlypublishedasymptotic forms of

spin correlationfunctionsand susceptibilitieswere established.In addition,the finite-

temperature crossoverbetween h.'-h|t-filledand non-half-f_edbehavior at low doping was

examined.

Monte Carlo calculationsof the two-particlevertexof the 2D repulsive-UIlubb_d

model were carriedout. Combining thiswith Monte Carlo resultsfor the single-p_ticle
im
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propagator, we have determined the eigenvalues and eigenfunctions of the particle-hole and

particle-particle Bethe-Salpeter equations for an 8 × 8 half-filled Hubbard lattice with C" t -

4 and U/t = 8 [8]. In the particle-hole channel, *.he dominant eigenvalue corresponded

to the Q = (Tr,Tr) antiferromagnetic correlations. In the particle-particle channel the
.. |'

amplitude of the leading low-temperature eigenvalue was an eye,frequency d_2_y2 singlet.

Odd-frequency p-wave singlet and s-wave triplet anapl.itudes were also found.

An overview of our .Monte Carlo work off the 2D Hubbard model was given this past

summer at the Enrico Fermi Summer School [7], and the manuscript for the proceedings

is attached.

2. Criteria for determining whether a system is insulating, metallic, or superconducting:

During the past year we investigated the criteria for determining whether a system i8

insulating, metallic, or superconducting [3,61. For lattice models (Hubbard, Holstein, etc.)

we showed that .Monte Carlo calculations of the current-current correlation function

,_(q, _m)= d,__-'_(j_(q,_-)j_(q,o)1

with

t

provided with key. A system ia insulating if in the limit of T ---, 0 mad linear dimension

goes to oc

A..(_= 0,,,,,,--,0)= -(K.).

Here (Kz) is the kinetic energy per site associated with bonds in the z-direction, lt ia

metallic if

A..(q = 0,,o.,---,0)< -(K.).

lt is superconducting if

Azffi(qz -- O,qv -' 0,win = 0) < -(K,),
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and gauge invariance implies that

.X_z(qz --. O,q_ = O,_vm= O) = -(Kz).

This work is important because lt provides a specific way of determining the conduct-
.

ing state of a s_cstem. Thus one can investigate whether a system is superconducting

without having to guess the symmetry of its order parameter. This work also clarified

the limiting procedures necessary to distinguish the difference between the metallic and

superconducting state in dimension greater than or equal to 2.

II. Proposed Research

As noted in the June DOE review, our project goal is to determine and understand the

physical properties of models of strongly interacting many-electron systems, such as the

Hubbard model, the Holstein electron-phonon model, and the Kondo lattice. Our approach

is to develop systematic calculational techniques: Lanczos, quantum Monte Carlo, sum-

mation of selected Feynman graphs. We are presently.working on the following projects.

1. Calculations of the two-particle vertex for the Cu02 model. We plan to examine

both the particle-hole and particle-particle Bethe-Salpeter equations. We are particularly

interested in examining the region of parameter space near the charge-transfer metal-

insulator regime. It is possible that in this regime the two-particle vertex will have signif-

icant eigenvalues in the particle-particle singlet extended s-wave channel. Some evidence

for this is provided by our earlier studies, 1 which showed that the extended 8-wave pair-

field susceptibility was enhanced by the interactions. Now, with the ability to examine the

Bethe-Salpeter equation, we can study this possible mode of pairing in much more detail.

2. The Kondo Lattice. Recent experimental transport measurements 2 and neutron

scattering 3 results for CeNiSn raise many new questions about the Kondo lattice problem.
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We are planning further Monte Carlo studies of the Kondo lattice, 4 in which the magnetic

structure factor of the "localized f-electron" spins xs well as the total magnetic struct_xre

factor will be examined as a function of temperature. In addition, the effect of an external

magneti_ field on the charge and spin gaps of the symmetric (half-filled) Kondo lattice will

be determined. '"'

3. Algorithms. An important part of our work has been the development of new

techniques for solving quantum many-body problems. We are continuing our work on the

development of algorithms for quantum Monte Carlo calculations with particular focus

on the "fermion determinantal sign problem." For some models which we seek to study,

the measure of the functional integrals is not positivie definite. In these models there are

important parameter regions in which cancellations between the contributions of positive

and negative weight make numerical calculations extremely difficult. We sre investigating a

number of approaches to this problem. We believe that modest improvements can be made

by making use of more sophisticated data analysis techniques based on the jackknife and

bootstrap methods. We plan to investigate whether the sign problem can be ameliorated

by focusing on states in the immediately vicinity of the fermi surface, which m,_ke the main

contributions to physical processes. Finally, we plan to determine whether a modified form

of multicanonical algorithms, which have recently been used with some success in the study

of spin models and lattice gauge theory, can be useful in our problems.
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This report was prepared as an account of work sponsored by aB agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that P.s use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,

manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views.... ., L._._:. ,lr, ,,,_t n,-,-,,¢¢arilv state or reflect those of the
and opinions of authors _,r,t_,_ ,,_,_., ............... -
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