
,

LA-UR-00-* ~6v5
Approved forpublic release;
distribution is unlimited

Title

Author(s),

Submitted to:

97802

Multiscale Phenomena in Materials

* Alan R. Bishop, T-DO

DOE Office of Scientific and’ ‘ethnical Information (OSTI)

Los Alamos
NATIONAL LABORATORY

Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the University of California for the U.S. Department of
Energy under contract W-7405-ENG-36. By acceptance of this article, the publisher recognizes that the U.S. Government retains a nonexclusive, royalty-
free license to publish or reproduce the published form of this contribution, or to allow ofhers to do so, for U.S. Government purposes. Los Alamos National
Laboratory requests that the publisher identify this article aa work performed under the auspices of the US. Department of Energy. Los Alamos National
Laboratory strongly supports academic freedom and a researcher’s right to publish; as an institution, however, the Laboratory doea not endorse the
viewpoint of a publication or guarantee its technical correctness,

Forma36 (10/96)
ST 2629



DISCLAIMER

This repoti was prepared as an account of work sponsored
by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.



Multiscale Phenomena in Materials

Serge Aubry (CEN, Saclay, France)

Radha Balakrishnan (Institute of Mathematical Sciences, India)

Keith M.Beardmore(CNLS,T-11)

David Beazley (CNLS, T-1 1)

Eli Ben-Naim (CNLS, T-7, T-11) .- ?-%, ..‘“’ ;; ‘]1~,;
$ 4 .3I i ...

Gennady Berman (T-13)

Alan R. Bishop (T-DO)*
~~~ 2 ~ ~~~

Stafan Boettcher (CNLS, T-10) CNiwl
Lev Boulaeskii (T-1 1)

Natalia Brozovskaia (University of Monplellier, France)

Serguei Brazovskii (University of Paris, Sud, France)

Sergey Burtesev (Corning Incorporated)

Alexandar Cheryshev (University of California)

Rudolf Clay (University of Illinois)

Peter Constantin (University of Chicago)

Thierry Cretegny (Ecole Normale Superieure, Francae)

Rossen Dandoloff (University de Cergy-Pontoise, France)

Istvan Daruka (Indiana University, Sandia National Lab, Lawrence Livermore National Lab)

FrenandoH.Garzon(MST-11)

Zoran Grujic (Indiana University)

Salman Habib (T-8)

Aric A. Hagberg (CNLS, T-7)

James E. Hammerberg (X-NH)

A. Heeger (University of California, Santa Barbara)

Brad L. Holian (T-12)

Mark Jarrell (University of Cincinnati)

Niels G. Jensen (T-11, University of California, Davis)

Ayinash Khare (Instituet of Physics, India)

J. Krumhansl (University of Massachusetts)

J. Langer (University of California, Santa Barbara)

Richard A. LeSar (CMS)

Peter S. Lomdahl (T-1 1)

Turab Lookrnan (University of Western Ontario, Canada, T-11)

German Luna (University Autonoma de Puebla, Mexico)



Grant Lythe (CNLS)

Martin Maley (STC)

Ricardo Martins de Silva Rosa (University Federal de Rio de Janeiro, Brazil)

Duncan W. McBranch (CST-6)

Baruch Meerson (The Hebrew University of Jerusalem)

Cassey Miller (University of North Carolina)

Terence E. Mitchell (CMS)

Kirill Nagaev (Russian Academy of Science)

Masami Nakagawa (Colorado School of Mines)

Sergey Nazarenko (University of Arizona)

Antonio Castro-Neto (University of California)

DaavidW.Reagor(MST-11, STC)

Mahdi Sanati (University of Cincinnati)

A. Sanchez (University of Madrid)

Roman Sasik (Ohio State University)

Avahd B. Saxena (T-11, University of California, Santa Barbara)

Darryl L. Smith (MST-11)

Basil L Swanson (CST-1)

Pieter J. Swart (T-7)

Robb Thomson (NIST)

Goutarn Tripathy (Tata Institute of Fundamental Research)

Stuart A. Trugman (T-1 1)

George Tsironis (University of Crete)

Zhi-Gang Yu (CNLS/T-l 1)

Jun Zang (City University of New York)

Tong Zhou (University of Chicago)

Shujia Zhou (Washington University)

I.Zubarev(CNLS,T-11)

*Principal Investigator, e-mail: arb @lanl.gov

2



Abstract

This project developed and supported a technology base in nonequilibrium
phenomena underpinning fundamental issues in condensed matter and materials
science, and applied this technology to selected problems. In this way the
increasingly sophisticated synthesis and characterization available for classes of
complex electronic and structural materials provided a testbed for nonlinear
science, while nonlinear and nonequilibrium techniques helped advance our
understanding of the scientific principles underlying the control of material
microstructure, their evolution, fundamental to macroscopic functionalities.
The project focused on overlapping areas of emerging thrusts and programs in
the Los Alamos materials community for which nonlinear and nonequilibrium
approaches will have decisive roles and where productive teamwork among
elements of modeling, simulations, synthesis, characterization and applications,
could be anticipated – particularly multiscale and nonequilibrium phenomena,
and complex matter in and between fields of soft, hard and biornimetic
materials. Principal topics were: (i) Complex organic and inorganic electronic
materials, including hard, soft and biomimetic materials, self-assembly
processes and photophysics; (ii) Microstructure and evolution in multiscale and
hierarchical materials, including dynamic fracture and friction, dislocation and
large-scale deformation, metastability, and inhomogeneity; and (iii) Equilibrium
and nonequilibrium phases and phase transformations, emphasizing competing
interactions, frustration, landscapes, glassy and stochastic dynamics, and
energy focusing.

Background and Research Objectives

The notion of “spatiotemporal complexity” has emerged as an enduring and ubiquitous

theme of nonlinear and nonequilibrium science built on the concepts of (a) coherent space-time

structures in strongly nonlinear classical and quantum systems and (b) the possibility of

deterministic chaos even in low-dimensional nonlinear dynamical systems. Most importantly,

the combination of these two concepts characterizes mesoscopic space-time complexity in

which dominant lower-dimensional, collective patterns emerge and ax-eembedded in high-

dimensional spaces spanned by all microscopic degrees-of-freedom. Understanding and

controlling the origin, structure and macroscopic consequences of these “mesoscales”

represents a fundamental new field of nonlinear, nonequilibrium statistical mechanics –

typically characterized by multiple relevant spatial scales (textures), and related multiple

timescales (controlling “glassy” evolution and aging).

Our objective was to further develop and exploit these concepts for significant problems

in condensed matter and materials science. In this way materials advances in synthesis and

characterization of complex electronic and structural materials can motivate and validate
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approaches in nonlinear science, while nonlinear-nonequilibrium techniques can provide

underpinnings to our understanding of microscopic processes controlling relevant structural

and dynamic scales in classes of materials. This is a key element in establishing the “bridges”

between microscopic, mesoscopic and macroscopic levels of modeling and control of materials

– the predictive scientific principles for the nonlinear-nonequilibrium statistical mechanics of

mesoscale complexity, which are necessary to provide a scientific basis for multiscale

“synthesis-structure-property” relations in materials with rapidly increasing complexity and

stringency of demands on functionality. This need for developing techniques to bridge

between multiple scales is common to many disciplines, from biology to fluids to plasmas to

astrophysics. In electronic and stmctural materials, experimental advances enable increasingly

detailed resolution of microstructure and evolution, and this is matched by advances in

simulation capacity. Their combined input must create the interpretative frameworks for

multi scale phenomena necessary to guide next generation technology.

Achieving these goals requires the adaptation and application of fundamental advances

from the current era of nonlinear science, including: (1) The isolation of competing length

andlor timescales at microscopic scales, which typically drive nonlinetity leading to space-time

complexity at coarser scales: (2) Nonlinear mode-projection techniques to identify and follow

coherent structures (dislocations, vortices, domain walls, etc.), which typically control lower-

dimensional “essential-state” subspaces at mesoscales; (3) Techniques to study the interaction

and ordering of the collective coherent structures, including effects of noise and disorder (from

the slaved modes and other sources) as well as driving fields; (4) Understanding intimate

relationships between spatial and temporal scales. Competing and/or frustration interactions

can lead to spatial patterns on many scales and to a multiplicity of “landscapes” (ground or

metastable states in configuration space.) These complex textures are related to multiple

timescales (typically related to the motion of coherent structures) characterizing relaxation and

aging from nonequilibrium configurations or response to external forces. Excellent examples

are available from condensed matter (spin glasses, pinned charge-density-wave materials,

incommensurate phase transitions, flux flow in superconductors, etc.) which can guide

systematic in this field of glassy/stretched-exponential/hysteretic/intemittent dynamics, and

the relationships to spatial complexity; (5) Combining effects of disorder, noise and

nonlinearity is unavoidable in many physical situations, and can lead to qualitatively new

phenomena (smoothing of basins of attraction, pinning or destruction of collective patterns,

nonlinear averaging of disorder, linear localization, anomalous diffusion, etc.).
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Predictive control of multiscale phenomena in complex electronic and stmctural

materials has emerged as a dominant need in the national and laboratory science base – a

scientific underpinning for synthesis-microstructure-property-processing relationships.

Nonlinear and nonequilibrium issues dominate most of the phenomena at all scales –

fundamental space-time complexity issues such as mesoscopic self-organization and pattern

formation, and glassy evolution and aging. The role for theory and simulation, closely coupled

with experimental validation, as means of systematically and predictively describing these

phenomena is now widely appreciated by DOE and Los Alamos Program offices, including

science-based-stockpile, military and civilian elements.

The topics in this project complemented Wd supported emerging LANL activities in

electronic and structural materials synthesis, characterization, modeling and applications.

These include: novel electronic materials; thin film growth; device-development; ultrafast

spectroscopy. Microstructure and texture are studied experimentally in the Manual Lujan

Neutron Scattering Center and vaxious Laboratory Divisions, and are focuses of the Materials

Process Modeling Center as well as ASCI Programs. Fracture and friction are key concerns to

programs in both MST- and X- divisions. Flux flow in superconductors is studied in the STC

and is a focus of the National High-Magnetic Field Laboratory at Los Alamos. There is close

integration with the high-performance computing facilities at Los Alamos. Thus this project

will benefit LANL “Centers” and many Divisions.

Scientific Approach and Accomplishments

The research focused principally on the following topics:

(i) Complex organic and inorganic electron materials, including hard, soft and biomimetric

materials, self-assembly processes and photophysics;

(ii) Microstructure and evolution in multiscale and hierarchical materials, including dynamic

fracture and friction, dislocations and large-scale deformation, metastability, and

inhomogeneity; and

(iii) Equilibrium and nonequilibrium phases and phase transformations, emphasizing

competing interactions, frustration, landscapes, glassy and stochastic dynamics, and

energy focusing.

These topics complemented emerging thrusts in the LANL materials community

(including strong experimental components), and were chosen as areas where an approach to

materials science based on interdisciplinary, nonlinear and nonequilibrium concepts are likely

to lead to significant contributions of a fundamental nature, as well as integrate unique ardor
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distinguishing LANL expertise in complex systems modeling, condensed matter and statistical

physics, condensed phase chemistry, mathematics, and high-performance

computing—including the potential to bridge to biological and bio-mimetic materials.

Through workshops, seminars, postdoctoralhisitor programs, and an ad-hoc advisory group,

we seeded nonlinear activity in additional areas as appropriate – e.g., complex fluids and

polymers; process modeling; composites; glasses; flow through porous media; behavior at high

magnetic fields; biomimetic and biological materials.

Several common techniques were exploited, including: Analytical and numerical

procedures to extract and project into essential, collective nonlinear modes and derive effective

(nonlinear and/or nonlocal) equations of motion for the essential modes and their interactions

(e.g., projecting particial differential equations (pale’s) into noisy lower-dimensional pale’s);

Image-processing and statistical measures for complex patterns (bayesian, fractal, wavelets,

nonlinear optimization, etc.); Course-graining techniques (time-scale separation,

homogenization, Landau-Ginzburg, renormalization group, path-integration, Fokker-Planck)

and self-consistent treatment of (colored) additive and multiplicative noise baths; Relating

multiple time-scales under nonequilibrium conditions to underlying spatial textures; including

glassy and hysteretic situations; numerical, multiscaling and memory-function analysis of

coupled-fields (electron-lattice, reaction-diffusion, etc.) in classical and quantum-mechanical

contexts.

Principal accomplishments:

Substantial research progress was made on several fronts, including:

● Large-scale molecular dynamics and Monte Carlo simulation and visualization of 3-

dimensitional fracture and friction in metals and amorphous solids. These gave

quantitative mesoscale information on dislocation dynamics and plastic deformation

mechanisms, which are now being fed into more traditional continuum (macroscopic)

models.

● Development and application of new numerical algorithms to understand and model

long-range interactions in condensed matter systems. These new approaches have now

revealed the origins and multiple length scales of mesoscopic pattern formation in

superconductors (the organization and flow of flux structure induced by external

magnetic fields), hard materials (charge ordering and dynamics in transition metal

oxides and charge-density-wave materials), and soft matter (polyectrolytes adhesion
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and aggregation, organization of biomacromolecules on surfaces, multilayer organic

films)+

● Development of new models and techniques for “landscapes” and associated multi-

timescale (“glass”), nonequilibnum dynamics in complex materials, including:

hierarchical elastic materials and solid-solid phase transformations in martenstic

materials; thin-film morphology and evolution, and semiconductor quantum dots; and

vortex dynamics in magnetic materials and layered superconductors. In all these cases,

the interplay of long-range and short-range interactions, disorder, dimensionality and

entropy were the driving forces for complex, multiscale structure and dynamics. These

behaviors and associated metastable states will be key to understanding and controlling

phenomena in the emerging fields of biological structure and function, and nonoscale

science.

● Modeling of the origins, control and experimental signatures of energy/charge

localization and transduction in electronic and structural materials. In particular, we

demonstrated that the combination of nonlinearity and discreteness (typical of most real

materials) leads in very general circumstances to intrinsic localization (so-called

“intrinsic local modes”), non-themml distributions of mesoscopic structures,

. anomalously long lifetimes, and novel coherent, collective transport mechanisms.

applied this undertaking to several classical and quantum systems, including:

We

refinement processes at crack tips and sliding interfaces: arrays of Josephson junctions

and coupled Josephson transmission lines; localization in polarizable electronic

materials in which there is strong electon-elastic coupling. Controlling the formation,

manipulation and properties of patterns of such intrinsic local modes is proving to be an

exciting new direction in nanoscience international attention.

● Simulation and modeling of new experimental probes of multiscale (space and time)

probes in organic, inorganic and biornimetric materials. We particularly emphasized

situations (e.g. strongly coupled matter, active interfaces) where nonlinear,

nonadiabatic and nonequilibrium issues render traditional protocols for data

interpretation very dubious. Examples studied included pair-distribution function

neutron scatteries, extended x-ray fine structure, ultrafast pump-probe optical

spectroscopy, and tunneling microcopies. The intermetation of this new array of

experimental probes to study functional length and time scales will be critical to

enabling a new era of understanding and using “complex matter” (hard, soft,

biological) for key present and future technologies.
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We leveraged our work with the “Frontiers in Materials” program, involving UC Campuses

(funded by the UCDRD Program). This provides a principal mechanism for developing,

guiding and facilitating research in materials complexity at Los Alamos. A major result has

been the creation of a thrust in “Complex Adaptive Matter” at Los Alamos and the beginnings

of a national Institute for Complex Matter with distributed Centers.

Our LDRD project was benefited through the recruitment of graduate students, postdoctoral

fellows and visitors to work with Laboratory staff in the project (see author/publication list).
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