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Abstract 
This is the final report of a one-year, Laboratory-Directed Research and 
Development (LDRD) project at the Los Alamos National Laboratory (LAW). 
High-temperature superconductors (HTS) have crystal structures that make 
them a distorted subset of Perovskite materials. The complexity of the 
superconductors arising from the large number of elements that they possess 
gives us all sorts of imperfect regions in our materials, and these regions tend to 
show Perovskite-like properties. This project sought to expand our 
fundamental understanding of high-temperature superconductors by combining 
experimental and theoretical studies of this class of novel materials. The 
research objectives were to interrelate structural and superconducting properties 
of HTS materials to further understand parameters influencing their behavior in 
important power and electronic applications. 

1 .  Background and Research Objectives 

HTS have crystal structures that make them a distorted subset of Perovskite materials. 
The complexity of the superconductors arising from the large number of elements that they 
possess gives us all sorts of imperfect regions in our materials and these regions tend to show 
Perovskite-like properties. This is the source of the daunting materials problems, which we 
have seen and only now are we solving, and presents us with an opportunity to explore the use 
of these mixed-up materials. Indeed, they appear to be useful for such things as magnetic- 
storage readers and thin-film capacitors. Great progress has been made in understanding both 
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fundamental and applied issues for HTS over the last eight years. We must probe the 
"mesoscale" relationship between structure and properties, which includes such details as 
screw dislocations, vortex structure, structural instabilities (driven by charge and spin 
polarization), and surface chemistry and physics. We must also study related materials to help 
understand the superconductors, some of which may have technological uses in their own 
rights. This project sought to expand our fundamental understanding of HTS by combining 
experimental and theoretical studies of this class of novel materials. The research objectives 
entailed interrelating structurd and superconducting properties of €ITS materials to further 
understand parameters influencing their behavior in important power and electronic 
applications. 

2. Importance to LANL's Science and Technology Base and National R&D 
Needs 

This project supports Los Alamos core competencies in nuclear and advanced materials as 
well as complex experimentation and measurement. HTS have numerous applications both in 
improving electrical power efficiency as well as in developing the next generation of advanced 
electronic devices. Many of these uses have commercial as well as defense benefits. It not 
only affords Los Alamos with inteinational recognition, but serves as a fundamental 
underpinning for understanding and improving HTS materials properties for applications. 

3 .  Scientific Approach and Results to Date 

The temperature dependence of the anisotropic planar oxygen nuclear spin-lattice 
relaxation rate has been measured for both the normal and superconducting states of an aligned 
powder sample of YBa2Cu30(jg6 enriched with 170. Measurements of the relaxation rates 
with the magnetic field Ho perpendicular to the c axis were made possible with a new nuclear 
magnetic resonance (NMR) technique to overcome the random alignment of the powder in the 
ab plane. The data for the normal state show that 17W 111 (the relaxation rate measured with Ho 
in the ab plane and parallel to the copper-oxygen bond axis) has a different temperature 
dependence than 17W 11 (Ho in the ab plane and perpendicular to the copper-oxygen bond 
axis) and 17Wlc (Ho parallel to the c axis) below about 150 K. This difference ceases at Tc, 
with all three rates having the same temperature dependence in the superconducting state. The 
deviation of 17Wlll from 1 7 W l ~ -  and 17WlC occurs at approximately the same temperature as 
the opening of the so-called "spin gap" as determined by Knight shift data, suggesting some 
connection between these phenomena. The different temperature dependencies for the normal- 
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state data are inconsistent with the currently accepted model of the NMR data in the cuprates, 
which holds that only a single spin degree of freedom exists in the Cu02 planes. Calculations 
of the oxygen relaxation rates for a single-spin susceptibility that included a q-independent 
hyperfine coupling in addition to the standard-model-transferred hyperfine coupling were 
unable to account for the experimental results. Therefore, a second spin degree of freedom in 
the Cu02 planes must exist. 

local deviations from the average crystal structure observed in neutron-scattering measurements 
shift the energy of oxygen orbitals. This energy shift results in the appearance of a second 
rather flat band at the Fermi surface. The behavior of this second band is consistent with the 
temperature-dependent anisotropy we have observed. 

Our study of the relationship between structural modulations and phase separation in 
oxygen-doped La2CUO4+d has led us to two conclusions. Our results in conjunction with 
those of neutron scattering and La NMR lead us to conclude that oxygen ordering occurs on a 
microscopic scale in this compound. The ordered interstitial oxygen gives rise to a distribution 
of tilts of the CuO6 octahedra. A sawtooth modulation of the octahedral tilt, in which the sign 
of the tilt changes when the tilt reaches a maximum value provides a location for the interstitial 
oxygen. This leads to stripe ordering of interstitial oxygen. In addition, we show that 
macroscopic phase separation is correlated with the onset of the orthorhombic structural phase 
transition because oxygen mobility is inhibited in the tetragonal phase where the CuO6 
octahedra are not tilted. 

These results support a model proposed by T. Egami, et al. in which he proposed that 

We have used a combination of analytical and numerical many-body techniques to study 
several important aspects of HTS controlled by the simultaneous presence of electron-electron, 
electron-lattice, and multiband coupling. 

We have used exact diagonalization numerical techniques to study Cu-0 chains and 
planes in multiband models and shown how the competition between the difference in orbital 
energy levels and the Hubbard electron-electron interaction controls Cu-0  charge-transfer 
instabilities between Mott and band states. We also find that lattice deformations enhance 
charge-transfer fluctuations around these instabilities. Thus, electron-electron interactions 
strongly enhance specific lattice deformation couplings and may control competition between 
(anti)ferroelectricity and superconductivity. We are collaborating with Egami, et al. 
(University of Pennsylvania) to interpret inelastic neutron-scattering evidence for the lattice 
deformation and phonon softening and its relationship to spin pseudogaps opening in HTS 
compounds. 

In a related study, we have used renormalization-group analysis to demonstrate that 
electron-lattice coupling in a multiband extended Peierls-Hubbard Cu-0 model can (at least in 
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one dimension) favor superconductivity over spin- or charge-density-wave instabilities. We 
have studied the regime of superconducting instability as a function of electron-electron and 
electron-lattice coupling and hole doping density. Importantly, the superconducting regime is 
strongly enhanced by Cu-0 hybridization and next-neighbor Hubbard interactions, even for 
weak electron-lattice coupling. 

of "spin-charge-lattice" deformation "polarons," describing specific deformations around 
holes, becomes especially important for understanding differences between "local" and 
"global" structure in complex electronic materials. For example, recent inelastic neutron 
scattering clearly supports charge-ordered (striped) superlattice phases at commensurate hole 
density. It is critical that polaron signatures are fully appreciated, so that correlations of 
optical, magnetic, and structural experimental probes are accurately interpreted in complex 
oxides. We have therefore completed a detailed numerical and analytical study of a three-site 
Cu-0 model for polaron tunneling, including complete nonlinear and nonadiabatic effects. We 
have carefully predicted experimental signatures and compared them with structural (Los 
Alamos neutron PDF and XAFS) and optical (infrared, Raman) data. The agreement with 
various "anomalous" features in available data is encouraging and points to the importance of 
directional polarizability (quantum paraelectiic) fluctuations in layered superconducting oxides. 

anomalous resonant ultrasound measurements on La(2-x)Srx CuO4 in terms of ordering and 
critical fluctuations of the tilting and scissoring modes of the CuO6 octahedra. 

Since the evidence for effective electron-lattice coupling is now clear, our earlier studies 

We have also worked closely with Miglioii and collaborators to understand the 

There is interesting recent evidence for d-wave pairing in high-temperature 
superconducting oxides from Josephson tunneling and other experiments. We have therefore 
considered the effects of impurities in a d-wave BCS superconductor and shown that a single 
impurity produces a quasi-bound state. The geometry of these impurity-induced states is 
dictated by the anisotropy of the d-wave gap. These states are highly anisotropic and have 
long-range tails along the directions of vanishing gap. They differ in important respects from 
the midgap states in s-wave superconductors. We have discussed the relevance of these states 
to the recent NMR experiments on the Zn-doped cuprates, which show substantial local 
variations in the NMR signal for sites close to the impurities. These long-range tails lead to 
large overlaps between impurity states and to delocalization in the impurity band in d-wave 
superconductors. We are developing a nonlinear sigma model description of the localization- 
delocalization transition for the long-range hopping impurity band. 

This project has combined experimental NMR and resonant ultrasound measurements 
with interpretations deiived from theoretical models to relate structural and superconducting 
properties of selected HTS compounds successfully. 
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