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I. Progress  R e p o r t  for Curren t  Budget  Per iod (11/15/34 - 11/11/‘35) 

There has been steady progress in three areas of research: (1) optic‘il properties in the 

“electronic structure program,” (2) quasi-one-dimensional systems and other (3) strongly 

interacting fermion systems. Among the fifteen published papers there are three Physical 

Review Letters on quasi-one-dimensional systems including both the w c ~ k  on MX systems 

and on the optical conductivity of Peierls systems. 

A. Electronic S t ruc tu re  P rogram 

Work on the optical activity has continued. The original development on the formalism 

of optical rotatory power was applied to selenium [Phys. Rev. Lett. 69, 379 (1992); 70, 1032 

(1993)J. The reasonably good agreement (roughly a factor of two too sniall compared with 

experiment for Se) has worsened when applied to the more interesting, if more complex, 

case of quartz. . In this case the computed rotatory power is a factor of 5 (repeat, five) 

below the observed value.6 [Note: the references numbers refer to numbers attached to DOE 

publications listed in Section 1I.D.J 
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These discrepancies in the computed rotatory power - factor of 2 C(lr Se and 5 for Si02 

- are surprisingly larger; for all other optical properties, including second-order harmonic 

generation (SHG), are remarkably close. For example for a-quartz our computed SHG 

coefficient agrees within ten percent with the three reported experimcntsl values, that is, 

within the experimental uncertainties. What can be the source of these discrepancies? The 

only thing omitted from the formal calculation is the local-field effects - due to additional 

field induced by the periodicity of the solid. 

There were two reasons that caused us to neglect non-local field effects in computing the 

rotatory power. 

(1) Local-field effects are typically small - ten percent or less - in almost all of the materials 

investigated. The only exceptions are Se for which the SHG coefficient is increased 25% 

by local-field effects and for urea (see below). This 25% increase is surprising both 

for its size and its sign. In all other materials computed to date, including local-fields 

reduces the magnitude of the quantity. This is even true in a-quartz (which has the 

larger discrepancy in the rotatory power) where the local-field effects are about 6% for 

both the dielectric constant and the second-harmonic coefficient. Clearly this previous 

experience was not a good guide. We need to find general guides to the size of local-field 

effects. (See the next item.) 

(2) There is a formal problem in doing the calculation. One reason for interest in the rotatory 

power is that its computation required the use of the vector potential (4. Th' IS is because 

to compute a rotation of the polarization we need to me a field which is perpendicular 

to the propagation direction. Up to this problem all computations (by everyone) used 

scalar potentials which describe electric fields parallel to the propagation direction. At 

the time of the work there were no formal results on the local-field effects due to vector 

potentials. Indeed the first formalism for local-field effects in SHG was an achievement 
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in this research group (Zachary Levine). We are currently struggliiiz with the formal 

problems of the computing local-field effects for a vector potential. Oiie of our postdocs 

(Lars Jonsson) had taken the lead on this project. Success in this a r c s  will be valuable 

not only for the rotatory power but also for those non-linear coefficients which cannot 

be computed via a scalar potential. 

Urea: Second-Harmonic Generation. Our ability to compute optical l’toperties is steadily 

being enhanced. The code for computing second-harmonic coefficients now runs about a 

factor of 50 faster, on the same computer, due to algorithmic improvements. Accordingly 

we can now compute the second-harmonic-generation (SHG) coefficient for a commercially 

important SHG material urea. There are a number of reasons this would be of interest: 

(1) Urea is hydrogen-bonded which leads to sufficient delocalization that standard chemical 

approaches for estimating SHG are inadequate. (2) It has also strongly localized features 

(e.g., 7r electrons) which can contribute strongly to the SHG. (3) Local-field effects have 

never been estimated for any important SHG material or for any organic crystal. 

This computation strained our resources in that we were not able to do as exhaustive 

convergence studies as was possible for simpler systems studied in the past. For example, 

we kept only 6 k-points in our (irreducible) Brillouin zone sum, whereas for Si20 we kept 

144. In comparing the results from a single k-point and six, results for the linear and SHG 

coefficients changed by only 2%. We were similarly limited in the numbcr of bands we could 

keep (for any k-point). Nonetheless the results are surprisingly good and contain a surprise 

- the largest ever reported contribution of local-field effects as shown in the table below. 

Without local field 2.1 
With local field 1.1 

Another experiment 1.3f0.3 
Experiment 1.2f0.1 
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This table suggests that the local-field effects are 90% of total SHG cocllicient and essential 

to computing it. We have no idea why this is the case as there is no qualitative understanding 

of local-field effects. Such understanding is a major goal of our work for the coming year. 

B. Quasi-One-DimensionaI Systems 

The most surprising aspects of quasi-one-dimensional systems are that experimentally 

there are now so many classes of systems exhibiting one-dimensional behavior and that 

theoretically so few of the phenomena are satisfactorily explained. This will remain a rich 

area for important and stimulating research. Here we discuss the tuning ol the large-density- 

wave or Peierls distortion in MX compounds and the universal subgap optical absorptance 

of many classes of quasi-one-dimensional compounds. 

Tuning the CD W in Transition-Metal Linear Chain Compounds ( M X )  

Of the five papers published this year on the electronic properties of t.hese MX compounds 

we concentrate here on one that summarizes in an express journal our knowledge of the 

systematics of dimerization. To tune the strength of the CDW, two principal tactics are 

used: (1) using larger M atoms (Ni, Pd, Pt); (2) using larger ligands traiisverse to the chain 

(chxn, en, NH3). The table shows those choices that increase the M-M distance from 5.2 to 

5.55 A. 

MBr compounds with increasing Mh4 distance and increasingly larger dimerization 

Ni:!Brs(chxn)4 Pdz Brs (chxn)4 PtzBr~(chxn)4 Pdz Brz(C104)(en)4 Pt,Br,(ClO&(en)4 Ptz Brg ( N  H3).+ 
~ 

en = 1,2-diaminoethane, chxn = 1,2-diaminocyclohexane 

The figure on the next page contrasts the experimental dimerization (see filled trian- 

gles for short and long M-X distances) with the computed one (open circles). Further we 

depict how well model calculations mimick the LDA calculation. What. is clear is that an 
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- anharnionic potential between the ions is necessary to explain the closins of the dimerization 

gap. At the short h1M distance the Ni compound is an antiferromagnet.ic metal. 

Comparison (1) of the measured and LDA- 
computed short and long MX distances for 
MBr compounds and (1) of the effect of 
harmonic versus anharmonic potentials on 
the closing of the dimerization gap. Note 
the short bonds are essential independent 
of the hlM distances. Of greater interest a 
model calculation based on a tight-binding 
fit to the band crossing the Fermi surface 
and a harmonic restoring force between the 
potentially dimerizing atoms is insufficient. 
Only an anharmonic potential will (nearly) 
close the gap between the long and short 
M-X distances. 

Short and long bond-lengths of MBr systems 
Model with harmonic and anharmonic potential 

Quadratic fit 
-----_ 

2 . 4 ' '  ' .  " " " " 

5.0 5.1 5.2 5.3 5.4 5.5 5.6 
M-M distance (A) 

In addition to this work showing that LDA calculations are capable of explaining dimer- 

ization systematics - something that previously seemed unlikely - there has been consider- 

able work computing (i) the Hubbard model parameters;2 (ii) the magnetic properties for 

for which the Ni-based material, but not the P t  one, can be antiferr0magnetic;l and (iii) the 

electron-spin resonance spectra associated with non-linear excitations such as neutral solitons 

and triplet eicitons.7 

Universal Su bgap Optical Absorptivity 

Previously we reported the effect of zero-point motion - common to many classes of quasi- 

one-dimensional compounds - on the density of states. The gap is removed, and the sharp 

singularity is broadened and smeared. At the time, we speculated that this might explain the 

experimental absorptivity. This data - which never showed a pronounced gap for any quasi- 

one-dimensional material - has Iong puzzied experimentaiists. This may seem surprising 

since the general impression is that such dimerized (CDPV) materials as polyacetylene are 

well understood. But in fact what is understood is the energies of subgap excitations such 
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as solitons. To the contrary, there is no theory for the optical spectra c j C  either the subgap 

excitations or the principaI absorption. Our work offers the first successI'd example. 

We have developed a novel and powerful method for computing the c4d:ctronic properties 

of one-dimensional Peierls semiconductors with static disorder which UT use to model the 

zero-point motion. This is a considerable technical achievement. But its huccess in explaining 

is even more impressive.13 The figures below indicate just how well this works. 
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Comparison of the frequency-dependent 
conductivity a(w),  computed,13 for a dis- 
order parameter 77 = 0.43 with experi- 
ment on KCP(Br) [K2Pt(CN)4Bro.3-3H2)] 
at T = 40 K. The dashed curve resulted 
from a Lorentzian convolution of the rigid- 
lattice conductivity; this comparison was 
forced on us by a referee who thought it 
would work. The conductivity and fre- 
quency are scaled by the maximum of 
conductivity and its frequency at that max- 
imum. The shape below the peak (maxi- 
mum) is universal. 

The universal plot below the peak is used 
to scale the data for KCP at all five re- 
ported temperatures. The rescaled data 
(reported in 1975) are coincident below 
the peak and with the one curve for poly- 
acetylene. From the rescaling it is pos- 
sible to extract the disorder parameter 77 
using a compqted coiiiiection between the 
halfwidth of the data and 77. These 7's 
are plotted in the insert versus the tem- 
perature. There is good agreement with a 
theoretical curve for the temperature de- 
pendence using the experimentally mea- 
sured soft mode (ukh.). 

The main achievements are: 

(1) Good agreement between the experimental conductivity and theoretical computation for 

values of the disorder parameter 7 consistent with the zero-point motion. 
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(2) All the theoretical conductivities have a universal form below the gap. This idea can be 

used to scale the subgap experimental conductivities onto a single curve from which the 

temperature-dependent disorder parameter can be extracted and satisfactorily compared 

to theory. 

(3) This work is now being used by other experimental groups to explain their data. 

In addition to this achievement, the work has had another impact: on the study of h4X 

solids. Our colleagues at  Los Alamos National Laboratory have observed that the lumines- 

cence data at  low temperatures for [Pt(en)a][Pt(en)2C12](C104)4 exhibits a tail extending 

into the expected gap region. On the other hand, Raman measuremciits can be used to 

deduce this tail does not arise due to static structural disorder. Our model - in which the 

zero-point motion simulates disorder - provides an e~plana t ion .~  In addition. there have 

been studies of the magnetic signatures of localized excitations in polyaniline.8 

C. Strongly Interacting Systems 

The primary emphasis of this work has been to study the effect of marly-body interactions 

on the low-temperature properties of metals and superconductors. 

Phonon-mediated electron-electron scattering in metals. Over more than one decade 

of the electronic specific heat of eight metals - both simple and transition metal - it has 

been possible to show that the simple relations between an experimentally measured T2- 

component of the electron-electron scattering rate (that is, phonon mediated) 1/r can be 

related to the linear-in-temperature coefficient of specific heat -ye! and the electron-phonon 

parameter X by 

-=--y+el  1 Sa 
7 . 3  ( - 1 + x )*T2. 

This fit over so many metals - Cd, W, AI, Mo, Re, Os, Ru, N b  - is impressive.14 
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Quantum fluctuations in the tunneling conductivity above the SC' (ransition. In two- 

dimensional metallic contacts of thickness d and mean free path e, tliere is new, small 

parameter 
4 K  b = -  

q e d  

that determines the phase relaxation time due to superconducting fluctuations. There are 

dramatic modifications of the tunneling conductance between such films. In the limit that 

6 >> 6 ( s /n ) (AT /T)  << 1 we get 

This gives rise to a new characteristic temperature scale Tc& previously unexpected in 

dirty samples. Furthermore in the case of magnetic field B perpendicular to the film, the 

formula above survives with the substitution 6 +. 4DH/T where D is the diffusion constant 

Non-Fermi liquid heavy-fermion alloys. A phenomenological theory for the heavy-fermion 

alloys U0.2Yo.&'d3 and UCu3.5Pdl.5 reproduces the observed strong deviations from Fermi 

liquid theory. This theory implies the alloys have a critical point at T = 0 and hence 

their low- temperature thermodynamics cannot be derived from an underlying single-particle 

fermion excitation spectrum (as in a Fermi liquid) but from the collective modes due to fluc- 

tuations in the order parameter near the T = 0 critical point. That the observed properties 

are consistent with a fluctuation spectrum w cc q serve only to exclude the quantum spin 

glass and quadrupolar ordering as possible ordered states." 

3 
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