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ABSTRACT
This report is a collection of the papers presented at the joint World Technology Evaluation (WTEC),
National Science Foundation (NSF) and the Institute of Machine Science Problems (IMSP) workshop on
Nanoparticles and Nanostructures in St. Petersburg on August 21, 1997. The workshop was devoted to
nanostructure research in Russia and other states of the former Soviet Union (FSU). The papers included
here represent an overview of nanotechnology in Russia and the FSU. While availability and accessibility of
equipment is limited in Russia and the FSU, scientists continue to make important contributions to
nanostructure research. Similarly, scientists in Russia and other FSU countries are important contributors to
key ideas stimulating research in functional nanostructures. The workshop also made clear the importance
of strong collaborations between Russia and other European countries. Several of these collaborations are
discussed in the proceedings. Topics discussed in these papers include (1) synthesis of nanophase materials,
(2) nucleation of nanophased material by shock impact, (3) hydrogen-induced transformations of metals, (4)
chemical synthesis with nanostructured templates, (5) assemblies of nanostructured materials through the
assembly of so-called superatoms. Applications for nanostructured materials, including superior strength
and medical materials, additives to reduce friction, water filters, and novel superconducting and
semiconducting devices, were also discussed.
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FOREWORD
The Workshop on Nanoparticles and Nanostructures held in St. Petersburg on August 21, 1997, was
sponsored jointly by the World Technology (WTEC) Division of the International Technology Research
Institute at Loyola College in Maryland, USA, the U.S. National Science Foundation (NSF), and the Institute
of Machine Science Problems (IMSP) of the Russian Academy of Sciences. This was part of a two-year,
worldwide WTEC study of research and development activities in nanoparticles, nanostructured materials
and nanodevices, nanostructure science and technology. The main objectives of the study were to evaluate
the scientific and technological trends and to create opportunities for interdisciplinary and international
collaboration. At the St. Petersburg workshop, fourteen experts from Russia presented overviews or special
research achievements in the area of nanotechnology in Russia. Two presentations from U.S. representatives
provided the goals and framework of the WTEC study. The presentations included some results from the
U.S. evaluation workshop (May 8-9, 1997) and a discussion of support for nanotechnology at NSF. In
addition, a technical presentation on functional nanostructures was presented before the beginning of the
effective review, as an illustration of the major research opportunities in the field of nanotechnology.
The one-day workshop focused on several themes: particle synthesis, sintering, nanocrystalline metals,
characterization, and functional nanostructures, as well as the channeling of funding for research.
Mechanisms of international collaboration were also addressed.
We would like to thank all participants for their assistance in the preparation of these proceedings.
Organizing Committee
I.A. Ovid’ko
IMSP, Russian Academy of Sciences

M.C. Roco
National Science Foundation, U.S.A.
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I. SUMMARY

FUNCTIONAL NANOSTRUCTURE RESEARCH IN RUSSIA AND THE
FORMER SOVIET UNION

1. OVERVIEW OF THE WTEC WORKSHOP IN ST. PETERSBURG ON AUGUST 21, 1997
Evelyn L. Hu
Center for Quantized Electronic Structures
University of California
Santa Barbara, CA 93106, USA
The one day workshop in St. Petersburg presented a useful, albeit necessarily cursory and incomplete,
overview of the general activities in nanostructure research being carried out in Russia and in the states of
the former Soviet Union (FSU). It was evident that there is widespread interest and activity going on in both
theory (Ovid’ko and Romanov) and experimental realizations of nanostructures. Research in nanocrystalline
materials has an established history in Russia, and we heard of a variety of synthesis approaches for
nanophase materials, including rapid crystallization of metallic glasses (Noskova), nucleation of nanophased
material by shock impact (Mescheryakov), hydrogen-induced transformations of metals (Yermakov), plasma
chemical and exploding wire techniques (Sheka). There were also discussions of chemical synthesis with
nanostructured templates (Kumzerov) and suggestions of assemblies of nanostructured materials through the
assembly of ‘superatoms’ (Aleskovskii). A large number of applications of these materials was discussed,
including high strength materials, materials for medical applications (Valiev), motor oil additives to reduce
friction, water filters (Petrunin), and novel superconducting (Kumzerov) and semiconducting devices (e.g.,
resonant tunneling diodes, Obukhov). In the research area we term ‘functional nanostructures,’ relating to
electronic, optical and magnetic device realizations, it is usually necessary to use fairly sophisticated, capitalintensive equipment such as ultra high vacuum stations (e.g., for Molecular Beam Epitaxy (MBE)), high
resolution patterning, pattern-transfer equipment and sophisticated materials characterization capabilities.
There was some discussion at the workshop of the use of Scanning Tunneling Microscopy (STM) (Ryjikov,
Obukhov) and MBE (Obukhov), but in general the availability and accessibility of such equipment is at this
time limited in Russia and the FSU.
Nevertheless, there continues to be a strong representation in nanostructure research by Russian scientists,
much of it made possible through strong collaborations, primarily with institutions in Europe. For example,
some of the leading work on quantum dots and quantum dot incorporation within laser structures has been
carried out in conjunction with Professor D. Bimberg’s group in Berlin. The Ioffe Institute and some other
academic/research organizations in the FSU are members of the European-nucleated PHANTOMS group, a
“network of excellence in the field of Physics and Technology of Mesoscopic Systems.”
R. A. Suris, who attended the WTEC workshop and who is Director of the Division of Solid State Physics at
the Ioffe Institute, described the International Symposium on Nanostructures, which the Ioffe Institute has
hosted for the past few years. Similar international workshops have been held elsewhere in Russia at sites
such as Chernogolovka. A clear benefit of such workshops is in providing an accessible and relevant forum
for Russian scientists to present their research findings, as well as a means of directly sharing information on
nanostructures at the international level.
Finally, it is important to note that Russia and the FSU have been important contributors to key ideas that
have simulated research in functional nanostructures. Much of the foundation of mesoscopic physics, which
in turn provide the basis for novel nanostructure-based device schemes, has been laid by researchers who at
one time worked within Russia and the FSU.
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2. NOTES ON THE RUSSIAN SCIENTISTS’ PRESENTATIONS AND DISCUSSION
Richard W. Siegel
Materials Science and Engineering Department
Rensselaer Polytechnic Institute
110 Eighth Street
Troy, NY 12180-3590

E.F. Sheka
Professor Sheka reviewed work in Russia in the institutes of the Russian Academy of Sciences (RAS). They
have been studying the following:
•

Methods of particle formation: plasma chemical reactions, exploding wire techniques, laser evaporation
to make complex particles

•

Methods of consolidation: severe plastic deformation, pulsed magnetic compaction (leads to higher
~80% green densities)

•

Fine particle characterization methods: inelastic neutron scattering from nanoparticles showing
vibrational states at surfaces with specificity for different surface structures

•

Theoretical computations using a supercluster approach and quantum chemical (Car-Parinello)
approach (world-class program): surface magnetism, fillers (silica particles) in polymers, interparticle
interaction in flame synthesis process, and mechanical cracking of SiO2 fine particles (joint program
between Prof. Sheka and the Ukraine group)

V.B. Aleskovskii

absorption band edge

This group is working on a synthesis of nanoglobules and nanodevices via the assembly of “superatoms” of
GaAs (clusters) encapsulated by other materials. It is also developing a technique whereby SiO 2 clusters
capped by CdS nanoglobules of differing thickness can add sequences of shell structures around cores of
SiO2 and CdS (Fig. 1).

eV
2.6

2.2
1

6

12

nm

CdS shell thickness

Figure 1. Optical absorption band edge versus CdS shell thickness on SiO 2 clusters.

I.A. Ovid’ko
Theoretical research in Russia is less negatively affected by the economic situation than might be expected.
There is considerable activity in the nanostructured materials area, but new methods need to be developed.

Evelyn Hu, Richard Siegel, and M.C. Roco
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Several groups (~9) are active in Russia, mostly using continuum methods in micromechanical approaches.
The Laboratory for Theory of Defects in Materials (St. Petersburg) headed by Ilya Ovid’ko focuses on
dislocations, dislocation arrays, and grain boundary structures in nanocrystalline and multilayered
nanostructures; new efforts related to synthesis and mechanical behavior have been suggested, but only with
continuum methods or formal approaches.
YU. A. Kumzerov
This group is making ultrathin wires with near atomic dimensions deposited in cavity arrays in matrices
(asbestos) with diameters of 2-20 nm. Nanotubes approximately 1 cm long with these diameters are found in
natural asbestos filaments that are contained in closely packed hexagonal arrays; these can be filled by
capillarity if a liquid metal (e.g., Hg) wets the material or, if not, under applied pressure. Sn wires 3 nm in
diameter have been made by this method; researchers observed a suppression of superconducting transitions
at the nanoscale (2nd order transition); also, a suppression of melting (1st order transition) in these wires was
observed at the nanoscale. The group is looking at optical, ferroelectric, etc., behavior, and at trying to
encapsulate DNA (with diameter 3 nm) in such nanotubes.
R.A. Andrievski
Nanocrystalline materials activities in Russia have a long history with approximately 20 monographs on the
subject (in Russian). Many research groups are active in the areas of particulate materials, materials made
by controlled crystallization of amorphous precursors, materials made by severe plastic deformation, and
also in thin films and coating activities. Russians are strong in the preparation of a variety of nanomaterials
and less so in characterization. A meeting held in Siberia in the winter of 1996-7 on nanomaterials had
approximately 350 participants from more than 25 Russian cities (a book of abstracts is available in
Russian).
N.I. Noskova
This group is working on making nanophase alloys by rapidly crystallizing metallic glasses under different
conditions (rapid crystallization, crystallized during creep tests, and crystallized during uniaxial tension
tests). It also studies mechanical behavior and its relation to grain size and the defects present as a result of
preparation procedures of creep plastic deformation. High-resolution transmission electron microscopy was
used to study the structure of nanophase crystals and their interfaces in nanophase alloys. Several other
laboratories in Ekaterinburg collaborate in researching on these materials.
Yu. A. Meshcheryakov
The nucleation of nanophases by shock impact was reported, for example, in the matrix of ordinary steel to
replace doping by expensive alloying elements. This group has found it possible to induce melting or
ultrafine grained recrystallization in round planar surfaces of shear localization; hardening by about a factor
of 1.5 can result.
A.E. Romanov
The fundamental theory of defects, particularly on the connection between materials science and solid state
physics, is being developed in this group. The history of defect theory in Russia began with Frenkel in the
1930s; recent developments of activities in the application of defect theory to nanocrystalline materials have
continued along with Ovid’ko and Gryaznov (especially with respect to mechanical behavior). They have
developed a formalism for the onset of size effects in mechanical properties at the nanoscale < 100 nm.
Researchers have also looked at the structures of grain boundaries (GBs) and the transmission electron
microscopy (TEM) images thereof. They have calculated strain distributions across the GB plane for
coherent and incoherent interfaces, made predictions of growth morphologies and defect structures of small
particles, calculated the relaxation of misfit stresses as a function of system size, and made suggestions for
future calculations.
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R.Z. Valiev
Work is focused on the structure and mechanical properties of ultrafine-grained materials and methods of
severe plastic deformation (SPD). The great strength of these materials as well as their superplasticity are of
particular interest. SPD was developed in Russia about 10 years ago; the leading effort is in Valiev’s group.
SPD can be used for both ductile (metals) and brittle (ceramics, intermetallics, Si) materials; grain boundary
sliding is observed at the smallest grain sizes; superplastic deformation in intermetallic alloys and other
materials has been observed experimentally. Materials are now being used for medical applications (e.g., for
orthopedic supports). Optimization of the process has been accomplished to some extent, but could be
improved with a theoretical modeling effort.
A.Y. Yermakov
Work is mainly being performed on metals with a variety of properties and on hydrogen-induced
transformations as a new route to form amorphous or nanocrystalline materials. These structures can be
formed at relatively low temperatures and can yield materials with volume (i.e., in all directions, not just
linear) magnetostriction at room temperature (amorphous TbFe2) but require rather high magnetic fields.
Yermakov’s group is applying this process to additional materials and will collaborate with Moscow
University on catalysts; N2 gives similar effects, but not as strong as those from using H 2.
I.A. Ryjikov
Ryjikov’s group is creating nanodevices by scanning tunneling microscopy (STM) in a specially designed
apparatus with various gaseous precursors that supply atoms for patterning with an STM tip on an SiW x
wafer at relatively low pressures (~10 mm of Hg). The equipment in Moscow is homemade.
I.A. Obukhov
Nanoelectronics developments in Russia include STM manipulation and making resonant tunneling diode
structures by molecular beam epitaxy, which is now at the stage of practical application. The Delta Institute
for Telecommunications, Nanoelectronics, and Nanotechnology is working on a quantum wire device that
may lead to realization of a quantum diode (bipolar transistor); technical problems are expected to be solved
in the next few years. Delta, started in 1979, has 70 scientific workers and interacts with some universities
(e.g., Moscow State University) on problems of mutual scientific interest.
V.F. Petrunin
This presentation presented the historical background of “ultradispersed” nanostructured materials
(published in 1981). Several applications are being commercialized by the Atomic Energy Industry (AEI):
motor oil additives to reduce friction, ceramic parts for strength, Be parts, water filters, ultradispersed
diamond powders, and nuclear reactor applications. Applications are moving from the military to the civil
sphere. The program is about one year old and funded at about $3 million. The industry can make a wide
range of inorganic materials by using about 10 different techniques at a cost of about $1,000/kg.
Discussion
The electronic and optical properties of nanostructures and the physics of heterostructures with nanometer
scales are being investigated (a program running for about 4 years involving the largest scientific centers of
Russia: Moscow State University, Chernogolovka; Nizhny Novgograd; Novosibirsk, etc.). Kumzerov’s
work is part of this program at Ioffe Institute, for example. There are strong collaborations with foreign
institutions in Europe (especially Germany, France, and Italy). A symposium on nanostructure physics is
held every year (see WWW server of Ioffe Institute), with proceedings published in English. The program is
a part of the EC network Phantoms on semiconductor technology at nanoscale.
The Ministry of Science and Technology funds two other national programs in nanoscale scienceone on
surface science, the other on nanochemistry. A new program in biology is apparently also going to be
funded. There are small projects in advanced materials areas as well. These are peer-reviewed programs
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that succeed at about a 10% success rate. The programs are funded for about 2 years with renewal possible.
They are open to anyone (universities, industry, etc.). Only one or two state programs are funded by the
Ministry of Science and Technology each year. The Ministry of Higher Education has no funds for research.
Activities in nanobiology in Russia are apparently only now beginning, but there is a growing body of work
on Langmuir-Blodgett films, etc.
There was a general discussion regarding the funding of Russian researchers. In order to more easily obtain
funding, it would be better to fund Russian scientists to work in Russia than require them to work in the
United States. More information on funding follows.
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3. FUNDING OF NANOTECHNOLOGY IN RUSSIA
M. C. Roco
Directorate for Engineering
U.S. National Science Foundation
Arlington, VA 22230, USA
fax: 703 306 0319
e-mail: mroco@nsf.gov
Support for the generation of nanoparticles and nanostructured materials has a long tradition in Russia and
other countries of the former Soviet Union (FSU). The strengths are in the areas of preparation processes of
nanostructured materials and in several basic scientific aspects. Metallurgical research on special metals,
including those with nanocrystalline structures, has received particular attention. Research on nanodevices
has been relatively less developed, even if recent activities indicate promising results. Because of funding
limitations, characterization and utilization of nanoparticles and nanostructured materials requiring costly
equipment are less advanced than processing. Funds are allocated mainly for research personnel and less for
infrastructure.
In retrospect, the first public paper concerning the special properties of nanostructures was published in
Russia in 1976, and in 1979 the Academy of Sciences Council created a section on Ultra-dispersed Systems.
Funding for nanotechnology is channeled via the Ministry of Science and Technology, the Russian
Foundation for Fundamental Research, the Academy of Sciences, the Ministry of Higher Education, as well
as other ministries on specific topics. The Ministry of Higher Education has relatively few funds for
research. Overall, 3% of the civilian budget in Russia in 1996 was allocated to science. The plan for 1997
was a slightly lower percentage (2.88%). There is no centralized program on nanotechnology; however,
there are components in specific institutional programs. Currently, about 20% of science in Russia is funded
via international organizations. The level of interest can be seen in the relatively large participation at a
series of Russian conferences on nanotechnology starting in 1984. The first Conference on Physics and
Chemistry of Ultra-dispersed Systems was supported by the Soviet Union, followed by a second in 1989 and
a third in 1993.
This presentation is based on input received from the presentations and discussions at the WTEC/NSF
Review Workshop in St. Petersburg on August 21, 1997, as well as at the NATO ASI on Nanostructured
Materials (August 10-20, 1997).
Government Funding of Nanotechnology
Ministry of Science and Technology
This Russian agency contributes to nanotechnology (NT) through several of its specific programs:
•

“Electronic and Optical Properties of Nanostructures” involving a network of large scientific centers
(the Ioffe Institute in St. Petersburg, the Lebedev Institute in Moscow, Moscow State University, the
Novgograd Institute of Microstructures, the Novosibirsk Institute of Semiconductor Physics, and
others). This research network has an annual meeting “Nanostructures, Physics, and Technology” (last
held in 1997). It interacts with the Phantom network in the European Community (EC).

•

“Solid State Physics” program.

•

“Modern Problems of Surface Science,” including the vacuum community. A new journal, the Journal
of Physics of Low Dimensional Structures, describes well the work performed in the program.

•

“Fullerene and nanotubes,” in the Physical Chemistry section.

•

“Biology,” with relatively low contents in nano-biotechnology.

•

“Advanced materials,” with only several projects related to nanotechnology.
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Universities, industry, and institutes are allowed in the competition. Typical projects are for 2 years. The
success rate is 10-15%, and budgets are allowed only for cost sharing (0.05 to 4% of the total research cost
of the project).
The Russian Foundation for Fundamental Research
This foundation provided about 40% (or $122 million) of the funding for all basic research in Russia in
1993-1996. In the same period, Russia received $66.5 million from the Soros funds, $57 million from
INTAS (EC), and about $45 million from INCO-Copernicus (EC). It is not clear what percentage of those
funds was allocated for nanotechnology research.
Ministry of Atomic Energy
This ministry initiated the “Atomic Energy Industry” program in 1996, including research on ceramics, the
restoration of motor oil with additives, magnetic materials, and diamond film coating.
Federal National Technology of Russia Program
This program addresses the issue of the conversion of military R&D to civilian use. One project focuses
advanced materials, including nanostructures.
Support from International Organizations
The INTAS and INCO-Copernicus Programs of the European Community
Currently, INTAS provides $20 million per year for basic sciences in former Soviet Union, and INCOCopernicus will provide an additional $20 million per year for information science, the environment, and
other areas. INTAS is an important source of funding for physics and chemistry, including aspects of
nanotechnology.
U.S. Civilian Research and Development Foundation
INTAS provided $8.2 million for research in the former Soviet Union in 1996, with an additional $2.1
million in matching funds from local governments. Several projects are related to nanotechnology, including
“Highly Non-equilibrium States and Processes in Nanomaterials” (1996-1998, Ioffe Institute).
International Science and Technology Centers
The typical total cost for supporting a center is about $500 million for 2-3 years. The funds originate mostly
from the European Community and the United States, and collaboration with researchers from those areas is
required. Proposals related to nanostructured materials have been submitted.
Comments
The Russian government and international organizations are the primary research sponsors for
nanotechnology in Russia. However, laboratories and companies privatized in the last few years, such as the
Delta Research Institute in Moscow, are playing an increasingly active role. The research focus is on
advanced processing and continuum modeling and, to a lesser extent, characterization and advanced
computing. Especially noteworthy are the achievements made in physico-chemistry and in innovative
processing methods.
References
Proc. NATO ASI on Nanostructured Materials. 1997. G.M. Chow, ed. Kluwer Academic Publ.
Science in Russia. 7 April 1997. Chem. Eng. News 75:45-47.

xviii

I. Summary

1

II. PAPERS PRESENTED, AUG. 21, 1997
1. NSF RESEARCH PROGRAMS AND SUPPORT FOR NANOTECHNOLOGY
M.C. Roco
Directorate for Engineering and
NSF Coordinator of the Nanotechnology Group
Abstract
The National Science Foundation (NSF) organization and its core strategies in developing specific research
programs will be outlined in the context of a continuously changing scientific and technological
environment. The focus is on academic institutions covering all areas of science and technology. The
overall system may be described as a closed feedback loop, starting with long-term planning, generation of
programs, portfolio of projects, their evaluation, and feedback to planning. Changes in scientific,
educational, economic, and international conditions, and their effects will be discussed. The presentation
will include a discussion of mechanisms for international collaboration.
Several research priorities will be discussed, including the role of nanotechnology.
Summary of U.S. Government Agencies’ Activities in Nanotechnology (NT)
Twelve U.S. agencies have provided input to this summary, including the Air Force Office of Scientific
Research (AFOSR), the Army Research Office (ARO), the Ballistic Missile Defense Organization (BMDO),
the Defense Advanced Research Projects Agency (DARPA), Department of Commerce (DOC), the National
Institute of Standards and Technology (NIST), the Department of Energy (DOE), National Aeronautics and
Space Administration (NASA), the National Institutes of Health (NIH), the National Science Foundation, the
Office of Naval Research (ONR), and the Naval Research Laboratory (NRL). The overall level of support
for research is in the precompetitive phase. Approximately 25% of the total is spent on applied research as
part of development projects. Development funds have not been explicitly reported in this survey. NSF has
the largest single-agency research expenditure (about $65 million /year).
Current interest in NT is broadly based, and there are several common themes among all agencies. A main
goal has been the synthesis, processing, properties, and characterization of nanostructured materials,
including high rate production of nanoparticles for potential industrial use, thermal spray processing, and
chemistry-based techniques for the deposition of multilayered nanostructured coatings, the processing of
nanoscale powders into bulk structures and coatings, superlattices, and buckminsterfullerene research.
Nanofabrication with particular focus on the electronic industry is another major theme. This includes the
development of technologies seeking improved speed, density power, and functionality beyond that achieved
by simply scaling transistors, operation at room temperature, the use of quantum well electronic devices, and
computational nanotechnology addressing physics and chemistry related issues. Research on nanoscale
materials for energy applications has had a focus on synthesis and processing of materials with controlled
structures, surface passivation, and interface properties. The initially targeted energy-related applications are
catalysis, optoelectronics, and soft magnets. Neural communication and chip technologies have been
investigated for biochemical applications and sensor development. Metrology activities for the thermal and
mechanical properties, the magnetism, and the thermodynamics of nanostructures have been initiated.
Nanoprobes to study nanometer material structures and devices with nanometer length and picosecond time
resolution have been developed.
Future research will continue the miniaturization efforts by using established methods and principles to do
big things small, and it is expected that most of the relevant industrial application in the short term will come
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from this area. In longer term, the building-up approach from molecules and nanoparticles/nanotubes/
nanolayers is the most promising from the scientific, expectation of innovations, and industrial relevance
points of view. Future research opportunities include the development of an understanding of the physics
and chemistry of the new properties and phenomena found at the nanometer scale, the engineering of
functional nanostructures from molecules and fine particles, the establishment of measuring tools with
improved sensitivity, time, and spatial resolution, and advances in theory and simulation techniques for
systems in the range 1 to 100 nm. Among the targeted functional nanostructures are optoelectronic devices,
multifunctional (smart, adaptive) coatings and three-dimensional engineered structures, semiconductor
nanostructures for multispectral detector arrays, structures generated by chemistry and bio-self-assembly
techniques, biomimetics, quantum control, and atom manipulation. Nanocomponents are envisaged for
microdevices for sensing, information processing, and telemedicine. There will be a continued interest in
low power nanoelectronics, miniaturization of spacecraft systems, carbon nanotube technology for
producing nanogears and hydrogen storage, improved molecular beam epitaxy, and silicon-germaniumcarbon-based devices in order to enable scaled silicon nanoelectronics. The potential of single-electron
devices and molecular electronics will be explored.
NSF Overview
Previous NSF activities have originated in the disciplinary programs throughout the Foundation, as well as
being the result of several interdisciplinary initiatives. Relevant initiatives are the following:
•

the Advanced Materials and Processing Program dealing with the generation, properties, and
characterization of nanostructured materials

•

the Ultrafine Particle Engineering initiative covering the synthesis and processing of nanoparticles with
controlled properties, with a focus on high rate production processes

•

the National Nanofabrication Users Network connecting researchers and facilities at five universities to
fabricate nanometer-scale structures, with an initial focus on miniaturization in the electronics industry

•

an initiative on Instrument Development for Nano-Science and Engineering (NANO-95) for new
instrumentation to advance atomic scale measurement of molecules, clusters, nanoparticles, and
nanostructured materials

A broad spectrum of individual or small-group projects in the areas of materials, chemistry, physics,
electrical and chemical engineering, biosciences and bioengineering, computer science, and manufacturing
has received support in the area of NT by competing in the disciplinary programs of the Directorates for
Mathematical and Physical Sciences (MPS), for Engineering (ENG), for Biosciences (BIO), and for
Computer Infrastructure Science and Engineering (CISE). Several engineering research centers (for instance
the Engineering Research Center on Microelectronics at the University of Illinois) and materials research
centers (for instance the Material Research Science and Engineering Center at Brown University) have plans
targeted to nanosciences and nanotechnology. More detailed information concerning previous NSF
nanotechnology activities can be found in the outlines of the NSF areas of support given in Research and
Development Status and Trends in Nanoparticles, Nanostructured Materials, and Nanodevices in the United
States, WTEC, May 8-9, 1997 (http://itri.loyola.edu/nano/US.Review/).
The 1997 level of NSF investment in nanotechnology research was approximately $65 million, of which
about $41 million was spent in MPS and $20 million in ENG, with relatively lower expenditures in BIO and
CISE.
High-risk/high-gain research is sought in all aspects of nanosciences and nanotechnology. The “bottom-up”
approach (building up from molecular and particle level to nanostructured materials, nanocomponents, and
nanodevices) will be preferred. In order to succeed, this activity would require an interdisciplinary research
and education endeavor. It is expected that NSF’s Directorate for Education and Human Resources (EHR)
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will be involved. Main fundamental research opportunities may be grouped as follows: advanced
generation and processing techniques to generate nanostructures with controlled properties, including
chemistry and bio-self-assembly techniques, and artificially-structured materials; advanced methods to
simulate structure growth dynamics and assembly processes at mesoscale, their stability, dynamic properties,
and chaotic behavior; methodologies to characterize the nanoscale materials at an atomic and molecular
scale with increased sensitivity and spatial resolution, including instrumentation and nano-sensors based on
novel concepts and principles; tools and concepts of quantum control and atom manipulation, including laser
and atomic trapping techniques and optically generated wave guides; theoretical and computational studies
of the way in which biological structures encode and utilize information; new knowledge of computing
systems architecture; and novel health-care technologies.
Editor’s note: The following material is taken from viewgraphs that were used as part of M.C. Roco’s
presentation.

NSF Research Programs and Support for Nanotechnology
M.C. Roco
National Science Foundation
August 21, 1997
•

NSF organization and core strategies (see figures 1.1 and 1.2)

•

nanotechnology activities sponsored by NSF

•

opportunities for international collaboration

Fig. 1.1. The research process at NSF.

II. Papers Presented Aug. 21, 1997

4

Fig. 1.2. NSF’s core strategies.

NSF Modes of Support
•

individual projects

•

instrumentation

•

large-scale facilities

•

fellowships, traineeships, research assistantships, post-doctoral funding

•

centers
- research
- science and engineering education

•

small business innovation
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Changing Environment for Research and Education
•

technological shifts

•

globalization of research and education, including global competition

•

improved communication systems

•

convergence of scientific and technological objectives and capabilities in different countries

•

high cost of research

•

mutual benefits for exchanges

Relevant Programs in the World
•

government-sponsored research (creates physical and intellectual infrastructure)
-

•

United States
Europe
Asia
particularities in national programs

small and medium-sized companies

Previous NSF Activities in Nanoparticles/Nanostructures
•

advanced materials and processing program (including nanostructures, molecular self-assembly,
chemistry, etc.

•

ultrafine particle engineering (synthesis at high rates)

•

several other centers (ERC at University of Illinois, Particle Center at Penn State, MRSEC at Brown
University, etc.) and individual projects

•

biosciences and bioengineering projects

•

NANO-95 (for instrumentation; increasing success rate)

•

education opportunities (in centers; collaboration with industry; groups of young researchers to Japan
and Europe; SIBR projects

•

NSF:

basic understanding, new instrumentation

•

DOE:

energy-related advanced materials

•

ONR, ARO: coatings, polymeric materials

•

AFOSR:

advanced materials and devices

•

NASA:

miniaturization, biotechnology

•

NIH:

nanobiology and nanomedicine
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•

DARPA:

ultraelectronics

•

NIST:

magnetic nanoparticles

•

large companies, such as Texas Instruments, Dow, DuPont, Motorola, Lucent, HP, etc. (part of
comprehensive NT programs)

•

specialized smaller, medium-sized companies, such as Nanophase Technologies, Nanodyne,
Nanoparticle Tech.

•

private institutes such as Beckman Institute

Mechanisms for Collaboration
•

research/ education university exchanges (twinning, networks, sandwich student training)

•

interaction with the NSF centers and coalitions (long-term organizations with programs, more applied)

•

topical surveys via workshops, seminars, etc., collaboration; NSF supports U.S. researchers (earthquake
research, environment, social sciences, new technologies)

•

special programs, changing in time (cooperative research projects, joint workshops and seminars,
NATO exchange programs, programs for short- and long-term visits at INT/NSF, etc.)

•

important: bottom-up approach for joint activities; the quality of R&D, mutual interest
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2. COMMENTS ON THE WTEC STUDY AND ON NANOPARTICLE AND NANOSTRUCTURE
RESEARCH IN THE UNITED STATES
Richard W. Siegel
Materials Science and Engineering Department
Rensselaer Polytechnic Institute
Troy, New York 12180, USA

Under the auspices of the World Technology Evaluation Center (WTEC) of the International Technology
Research Institute at Loyola College in Maryland, we are in the process of conducting a year-long,
worldwide study of research and development activities in nanoparticles, nanostructured materials, and
nanodevices. The study is funded by the U.S. National Science Foundation (NSF), with additional support
from several other agencies of the U.S. government, including the Office of Naval Research, the Air Force
Office of Scientific Research, the Department of Commerce and its National Institute of Standards and
Technology (NIST), the National Aeronautics and Space Administration (NASA), the National Institute of
Health, and the Department of Energy.
The purposes of the WTEC study are to:
•

assess the status and trends in nanoparticle and nanostructure technology and applications research and
development activities internationally

•

provide the scientific and engineering community with a critical view of the field and help identify
promising areas for future research and industrial development

•

stimulate development of an interdisciplinary and international community of researchers in
nanoparticles and nanostructures

•

identify opportunities for international collaboration

The study is focused on nanoscale building blocks, atom clusters or nanoparticles smaller than 100 nm (Fig.
2.1), and the nanostructured materials made therefrom. The features that unify all these materials are (1) that
they are synthetic materials with structures modulated in 0 to 3 dimensions, (2) that they have a size
constraint or ‘confinement’ <100 nm, and (3) that there is a significant volume fraction (>1%) of their
interfaces. The study thus examines the assembly of these building blocks in controlled ways to make
materials with new properties and to fabricate these materials into useful devices and parts. Hence, a
hierarchy of (1) atomically engineered building blocks, (2) assembly and materials fabrication, and (3)
applications forms the basic organization of the study. All physical, chemical, and biological routes for the
synthesis and processing of nanostructures are being considered. The applications can be roughly divided
(with significant overlaps) into four areas (Fig. 2.2): dispersions and coatings (e.g., optical, thermal,
diffusion barriers); high surface area materials (e.g., catalysts, sensors, filters); functional nanostructures
(e.g., magnetic, electronic, optical devices); and consolidated materials and parts (e.g., structural parts,
magnets). The WTEC study panel of eight members from industry and academia was selected with these
areas of concentration in mind: Richard Siegel, panel chair; Evelyn Hu, panel co-chair; Donald Cox; Herb
Goronkin; Lynn Jelinski; Carl Koch; John Mendel; and David Shaw. Panel members' affiliations and
addresses are listed on the inside front cover of this document. Two other reports from this study are being
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published by WTEC. One is a summary of U.S. activity in the field.1 The other is the final report comparing
research in the field worldwide.2

Fig. 2.1. Schematic of nanostructured materials of various modulation dimensionalities from 0 to 3: 0 =
clusters: 1 ≤ aspect ratio ≤ ∞; 1 = multilayers; 2 = ultrafine-grained overlayers; 3 = nanophase
materials.
The work of the panel commenced around the beginning of 1997 and, as a first significant step, a review
workshop was organized during May 8-9 in order to benchmark the research and development status and
trends in nanoparticles, nanostructured materials, and nanodevices in the United States. About 25 experts in
the field were invited to the workshop in suburban Washington, D.C., to share their thoughts on the field
with the panel, as seen from their own perspective. Among the questions asked were the following:
•

What are the scientific drivers and advantages (applications) to be gained from control at the
nanostructure level?

•

In order to synthesize materials and manufacture devices incorporating those advantages, what are the
critical parameters to control?

•

What are the critical issues for manufacturability?

•

What activities of interest are underway overseas?

1

R&D Status and Trends in Nanoparticles, Nanostructured Materials, and Nanodevices in the United States is available
from the National Technical Information Service as publication PB98-117914 and also on the World Wide Web at
http://itri.loyola.edu/nano/US.Review/.

2

Nanostructure Science and Technology: R&D Status and Trends in Nanoparticles, Nanostructured Materials, and
Nanodevices is available from Kluwer Academic Publishers, and on the World Wide Web at
http://itri.loyola.edu/nano/IWGN.Worldwide.Study/.
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Fig. 2.2. Schematic of the field of nanostructure science and technology and the structure of the WTEC
study.
In addition, about 20 brief summary presentations were made by program leaders of the participating U.S.
government agencies on activities in the field funded from their programs. The focus of the workshop was
to (1) assess the state of the art of U.S. nanoparticle/nanostructure/nanodevice technology and applications,
(2) develop a baseline against which to compare activities in other countries, and (3) develop a document
summarizing the current U.S. status to be included in the panel’s final report and to be presented in draft
form to our hosts abroad. A copy of this document has been left with our Russian hosts, and additional
copies can be supplied by WTEC on request.
The panel’s first visits abroad occurred during a week-long visit to Japan in July. Our second such event is
this workshop in St. Petersburg, to which about 12 Russian experts were invited to share with the panel
chair, co-chair, and principal sponsor (M.C. Roco, NSF) their thoughts on the field of
nanoparticle/nanostructure/nanodevice technology and applications and its status in Russia and, to the extent
possible, the other countries of the former Soviet Union.
The following material, taken from the viewgraphs R. W. Siegel used at the workshop, reviews the findings
from an earlier workshop regarding research on nanoparticles and nanostructures in the United States.
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Synthesis and Assembly

There is a wide range of methods now being investigated including aerosols with solid, liquid, or gas
precursors; liquid phase chemical reactions including precipitation, templating, and self-assembly;
mechanical attrition and severe plastic deformation; and patterning that includes soft lithography and
electron beam lithography. Many of these methods are being used in the laboratory, but very few are already
used in commercial production.
Among the questions raised in the area of synthesis and assembly are the following:
•

What controls the nanostructure “building block” formation in each process? What determines its size
and surface chemistry and controls its properties?

•

What controls the process of assembly from consolidation to self-assembly?

•

How are hierarchical nanostructures formed to create functional devices, cf. biological systems?

•

How do we create a theoretical basis for nanostructure understanding and design?

Dispersions and Coatings
The areas of current activity are many and diverse, including quantum dots, photoresists, oxide systems,
photographic emulsions, inks, magnetic recording media, fillers, paper coatings, cosmetics, and drug
delivery. A wide variety of synthetic materials are being used from laboratory to commercial levels (10 2 –
105 tons /year) of production.
Among the critical issues raised in this area are controlling raw material and process uniformity, preparing
the dispersion, stabilizing the dispersed phase, characterizing the interfacial properties, controlling the
process and scale-up to manufacturing, and applying subsequent nanoparticle coatings.
High Surface Area Materials
The areas of current activity are diverse, including materials for adsorption and separation processes (e.g.,
H2O, H2S, and CO2 removal, H2 and CH4 storage, and O2/N2 and H2/HC5 separation), catalysts for petroleum
processing applications, thermal barrier materials, battery and capacitor elements, biochemical and
pharmaceutical separations, radioisotope separation, and interfacial bonding. A variety of synthetic
materials are being used in the laboratory (mostly) and on a commercial scale.
Among the major challenges in this area are critical dimensional control at the atomic level of nanoscale
structure over long periods of time, and varying conditions and thermal and chemical stability control of the
fabricated nanostructure.
Nanodevices
There are several areas of interest and activity that are leading to generally longer-term applications. These
include solar cells, light-emitting devices, nanoscale transistors, batteries and capacitors, sensors, and
magnetic read/write heads. A variety of synthesis methods are being used, but most of these are still in the
laboratory.
The major challenges in this area include critical dimensional control, impurity control, interconnects,
reliability, single electron circuit architecture, arrays and self-assembled fabrication, and theoretical models.
Bulk Behavior
A variety of efforts are being made to synthesize nanostructured metals, intermetallics, ceramics, and
composites for structural and magnetic applications. These areas include wear-resistant parts, cutting tools,
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lighting envelopes, permanent magnets (hard and soft), and magnetostrictive materials. These are made
using a variety of methods. Most are still at the laboratory level, but commercial applications are beginning
to appear.
Among the major challenges in this area are engineering reliability, process control and defects, and scaling
up to manufacturing.
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3. SOME ASPECTS OF NANOPARTICLE TECHNOLOGY IN RUSSIA
Elena F. Sheka
Laboratory of Spectroscopy in Adsorption and Catalysis
General Physics Department
Russian Peoples’ Friendship University
ul.Ordjonikidze, 3
Moscow, 117302, Russia
e-mail: elena.sheka@mx.pfu.edu.ru
Introduction
The main interests of the nanoparticle program carried out in the research institutes of the Russian Academy
of Sciences (RAS) and high schools are focused on the following topics:
•

particle formation

•

nanoscale compacting

•

characterization and measurements

•

applications including those based on size-dependent characteristics

This review presents a detailed description of the state of the art.
Nanoparticle Formation Technologies in Russia
Among various techniques exploited for nanoparticle formation, the most frequently used are plasma
chemical reaction, exploding wires, chemical precipitation, and laser evaporation. Table 3.1 lists the main
materials produced, the particle size ranges, and the research centers involved in their technology, design,
and exploitation.
Plasma Chemical Reaction Technology
In a super-high-frequency (SHF) chemical process developed at the Institute of New Chemical Problems,
RAS, a SHF (2.5 GHz) microwave generator produces a plasma that reacts with selected chemicals and
gases to yield a variety of nanocrystalline ceramics and refractory metals with a very narrow particle-size
distribution, so that about 90% of the particles produced are within 10% of the nominal size. The technique
is also used at Ultram International in Denver, Colorado.
Using the SHF process, the institute has obtained over 20 refractory ceramic compounds and many
composite powders having controlled composition, lattice parameters, and particle size, such as TiO 2, TiN,
ZrO2, Si3N4, BN, NbTiCN, etc.
Exploding Metallic Wires
This technique has been designed at the Scientific-Research Institute of High Voltages of the Polytechnic
University of Tomsk. The main advantage of the technology lies in its potential for varying final product
composition by introducing into the reactor additional working agents such as distilled water, ice, decane,
paraffin, technical oil, and others. Table 3.2 shows the final product composition depending on the agent
used.
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Table 3.1
Nanoparticle Formation Technologies in Russia
Technology

Materials

Size
Range,
nm

Plasma chemical
reactions

Nanophase ceramics

Exploding wires

Metals, alloys, their oxides and
carbides

Design and Producing

10-500

Institute of New Chemical Problems, RAS,
Chernogolovka, Moscow distr.

30–1000

Institute of Electrophysics, Ural Division of
RAS, Krasnoyarsk. Scientific-Research
Institute of High Voltages at Polytechnic
University of Tomsk, Tomsk

TiO2, TiN, ZrO2, Si3N4, BN, NbTiCN

Ag, Cu, Au, Ti, Ni, W, Zr and others
Chemical
precipitation

Metals, alloys, ceramics, metalceramics

10-300

Baikov’s Institute of Metallurgy, RAS,
Moscow

50-400

Republican Engineering-Technical Center of
Powder Metallurgy, Research Institute of
Powder Technology and Coating , Permj

Cu, Ni, Fe, Fe-Cu, Fe-Ni-Cu, Al2O3,
ZrO2, Ti2O3, Ni- Al2O3
Laser evaporation of
targets

Oxides
ZrO2, Y2O3, Al2O3, ZrO2(Y2O3)Al2O3,
Si3N4, SiC, C3N4

Table 3.2
Chemical Composition of Final Nanoparticle Products
Metal

Vacuum
-8
<10
torr

Al

Alo

Air

Alo covered
by oxides
o

Distilled
Water

Ice

Al (OH)3*

γ-Al2O3 (II)

γ-Al2O3 (I)

γ-Al2O3

Decane

Technical Oil

Paraffin

Al4C3**

Carbides

Fe

Fe

o

Fe covered by
oxides

FeO

Oxide mixture

FeC

Carbide mixture

Ti

Tio

Tio covered by
oxides

Ti2O3

Oxide mixture

TiC

Carbide mixture

W

Wo

Wo covered by
oxides

WO2

Oxide mixture

WC1-x

WC

Cu

Cuo

Cuo covered
by oxides

Cu2O

Carbides not
formed

Cuo and
fullerenes

* Al(OH)3 is produced at E/Es < 1.0 while Al2O3 is formed at E/Es > 1.0.
**A mixture of aluminum carbide and nitride can be obtained in the decane/hexamethyltetramine solution.

Chemical Precipitation Technology
A pilot plant exploiting standard equipment with productivity up to 1000 kg/year has been designed and
constructed at Baikov’s Institute of Metallurgy, RAS. The fine particles of metal hydroxides are produced
by a chemical precipitation technology, followed by either low-temperature reduction in the hydrogen flow
(for metallic and metaloceramic powders) or by a heat treatment at ambient conditions (for ceramic
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powders). The advantages of this method include a narrow size particle distribution and low impurity
components.
Laser Evaporation of Targets
A pilot installation with productivity up to 10 tons/year has been designed and constructed at the Research
Institute of Powder Technology and Coatings in the Republican Engineering-Technical Center of Powder
Metallurgy (Permj). This installation exploits a synthesis of nanoparticles of oxides using the laser
evaporation of a target. The method is directed towards producing layered-structure nanoparticles when
targets of complex composition are evaporated and towards producing a smooth varying of particle size
during the synthesis.
Nanoscale Compacting Technologies in Russia
Nanoscale Compacts Produced by Severe Plastic Deformation
These compacts are represented in the review by nanocrystalline transition metal carbides and nitrides
developed by the Institute of Solid State Chemistry of the Ural Division of RAS (Ekaterinburg). The
specific technological problem with these compacts occurs in the production of hard, non-brittle refractory
wares with working temperatures up to 2500oC so that transition metal carbides and nitrides are of particular
interest. The nanoscale compacts produced from nanoparticles of a few tens of nanometers are obtained by
sol-gel technology with a further compacting by use of a severe plastic deformation that decreases particle
size further and creates samples with minimum porosity and few impurities. Applied deformation also
permits one to design the compact to a desired shape. The macroscopic properties of nanocrystalline
materials thus obtained differ substantially from those of chemically identical coarse-grained materials. The
difference is due to the high interface density and to the super-small size of the crystallites. In such
materials, electrical resistance increases; elasticity, mechanical, and magnetic properties change; etc.
Pulsed Magnetic Compressive Waves
These are applied for pulsed densification of nanocrystalline Al2O3 and ZrO2 powders in the Institute of
Electrophysics of the Ural Division of RAS (Ekaterinburg). The pulsed magnetic technique, exploiting
“soft” compressive waves of 100-500 ms in duration and up to 2.5 GPa in amplitude, permits making
compacts of nanopowders with densities up to 0.80 (Al2O3) and 0.82 (ZrO2) of the theoretical density that is
about 15% greater in comparison with the stationary uniaxial compacted bulks prepared in a similar fashion.
Nanoparticle Characterization
The field is largely examined from various aspects in many institutions in Russia. In what follows, a
selection has been made for original methods and techniques.
A method for determining atomic structure and particle size by using elastic neutron scattering has been
elaborated by the Moscow Engineering-Physical Institute. Electric and magnetic testing, aimed at
controlling electro- and thermoconductivity as well as thermoelectricity, has been a particular focus of the
Institute of New Chemical Problems of RAS. These methods have been thoroughly developed and are based
on well-established ideas.
The following techniques involving the vibrational spectroscopy of nanoparticles and quantum-chemical
(QCh) modeling are quite original.
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Vibration Spectra of Nanoparticles
These were recorded for the first time by inelastic neutron scattering (INS) at the Frank Laboratory of
Neutron Physics at the Joint Institute for Nuclear Research (Dubna). INS turned out to be an appropriate
method to distinguish between bulk and surface vibrations of the particles, with the latter to be used for the
identification of the faceting planes of the particle as well as of the chemical composition of the particle’s
surface zone. Thus, in the case related to the Ni nanoparticle, it was shown that the particle surface is
faceted by the (111)-planes, which are spotted, consisting of regions composed of the oxide as well as of
bare nickel that keep adsorbed water nearby. A similar study has been performed for aluminum
nanoparticles.
The ability of the INS technique to distinguish both the atomic structure and the chemical composition of the
particles has been exhibited most widely with respect to highly dispersed silicas and silicon nitrides
produced by different technologies. As shown, the technology used has a great impact on the final product’s
vibrational spectrum, thus revealing a peculiar phenomenon called technological polymorphism (Sheka
1995). The effect seems to be common for nanoparticles of all materials since their surfaces (as well as bulk,
in some cases) are greatly subjected to the composition of the working agents and the surrounding medium
involved in particle production.
Quantum-Chemical Characterization of Nanoparticles at the Atomic Level
This research has been conducted at the Russian Peoples’ Friendship University in collaboration with the
Institute of Surface Chemistry (National Academy of Sciences of the Ukraine). The characterization is based
on a QCh modeling of the atomic and compositional structures of a supercluster that can be considered a
basic, structurally complete fragment of the particle under study. The modeling is performed using wellelaborated, semiempirical QCh methods. The supercluster configuration can now involve up to 998 atoms.
Among the studies that have been performed are the above-mentioned technological polymorphism, the
magnetic structure of nanoparticles (the latter has been studied with respect to bare silicon surfaces), and the
intermolecular interaction of nanoparticles.
Quantum-Chemical Characterization at the Atomic Level in an External Field
This characterization involves considering nanoscale objects in the presence of an external stress or electric
field. To tackle the problem microscopically, two particular software programs (DYQUASTRESS and
DYQUAFIELD) have been developed, based on applying the QCh approach to the supercluster objects
subjected to deformations of different kinds (tension and contraction, bending and screwing) or to the action
of an electric field (Khavryutchenko 1995).
When the DYQUASTRESS software is applied to a fumed silica primary nanoparticle subjected to uniaxial
tension, a Si-O-Si bond rupture caused by deformation occurs. The value of the critical force at which the
rupture occurs has been determined. As known, the surrounding fluid influences the material breakdown
quite considerably (Rebinder’s effect). Quantum-chemical modeling showed that in the presence of the
hydroxonium ion, the critical force needed for the fracture becomes 2 or more times less.
QCh modeling of nanoscale objects in the presence of an electric field using the DYQUAFIELD software is
illustrated by a field-induced reaction of a graft oligomerization that occurred at the surface of the alpha-C:H
film in the presence of trichloroethylene. The problem was stimulated by particular trends in
nanotechnology based on atomic manipulation under a scanning tunneling microscope tip.
Computational Vibrational Spectroscopy
This work concludes the list of characterization techniques. As applied to nanoscale objects, such techniques
have been developed by the Institute of Surface Chemistry of the National Academy of Sciences of the
Ukraine where the particular software COSPECO (Khavryutchenko 1993) was created. Computational
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vibrational spectroscopy solves a set of problems appearing when vibrational spectra are used for
characterization.
Innovative Applications of Nanoparticles in Russia
Nanoparticles are widely used in industry, and the technology of advanced materials in Russia is much
studied now at the request of various companies and firms. Nevertheless, some of the applications
connected with the data presented in this review are worth noting. The first is related to new
superconductive materials with increased critical magnetic field strength and resistance to radiation. Such
materials were proposed by the Institute of New Chemical Problems of RAS based on the intrinsic sizedependent effects of nanoparticle powders. The second application proposed by that institute is related to the
accumulation of hydrogen energy. The composites can be considered promising materials for the storage of
hydrogen atoms.
Specific catalytic activity lies at the foundation of various nanoparticle applications, among which are the
following:
•

applying nanoparticles of metal oxides and carbides for large-scale water purification

•

applying metal nanoparticles, particularly copper ones produced alongside fullerenes when exploding
the related wires in technical oil for protection as well as for the more efficient design of car motors

•

applying metallic nanoparticles embedded in polymer-based flame arresters

•

applying metallic nanoparticles as biologically active systems for agriculture, veterinary medicine, and
medicine (as shown in particular, Feo and Nio particles increase the yield of agricultural products by 2030% on average)

The first 3 applications have been worked out at the Scientific-Research Institute at the Polytechnic
University of Tomsk. The last one listed was worked out at the Baikov’s Institute of Metallurgy of the RAS.
The superplasticity of fine particles forms the basis for the application of simple and complex oxides of
zirconium and aluminum for constructing room-temperature superplastic ceramics as well as structural
ceramics of high fracture resistance in general. The proposals have been issued by the Research Institute of
Powder Technology and Coatings of the Republican Engineering-Technical Center of Powder Metallurgy.
Non-brittle refractory wares and dense compacts formed under severe plastic deformation and soft pulsed
magnetic compression present good examples of the possible applications of these two compacting
techniques developed by the Institute of Solid State Chemistry and the Institute of Electrophysics of the Ural
Division of RAS, respectively.
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4. THE SYNTHESIS OF STRUCTURIZED NANOGLOBULES, PRECISION QUANTUM
DEVICES, AND QUANTUM MATERIALS
V.B. Aleskovskii. St. Petersburg University
V.I. Gubaidullin. St. Petersburg Scientific-Production and Commercial Firm “Svet”
St. Petersburg Street Himicov 28
St. Petersburg 195030, Russia
fax: (812) 428-6939
e-mail: root@uni.chem.lgu.spb.su

Summarizing the 1994 discussion at the NATO Advanced Research Workshop on the Ultimate Limits of
Fabrication and Measurement, the writer of an article in Nature noted, “There is a sharp contrast
between the current rapid progress in the nanometer scale and the longer team aim of converting newly
discovered quantum devices and nanometer materials into useful engineering nanotechnology…A search
for new functionalities and new types of processes, and not just improvements in known devices, might
provide the innovative thinking required. There is an increasing, worldwide effort [in this direction]”
(Brus 1994).
From the theory of chemical-information synthesis, it follows that such processes produce not only a
product but also a sufficient amount of information to recreate the product’s structural organization
(Aleskovskii 1996, Lehn 1989, Aleskovskii 1997b). The natural prototype of these processes is
biosynthesisa programmable, irreversible, multi-stage process proceeding by replicationa matrix
buildup of the high-molecular complementary structural units (CSU) out of low-molecular structural
units (SU)and a self-buildup. In addition, it is mainly at the CSU-self-buildup (SB) stage that the
amount of information necessary and sufficient for the structural organization of a biosynthesis product
is produced. Naturally, the synthesis of such highly organized structures as nanostructures is connected
with the production of a very large amount of information. So the synthesis of such structures is
possible only in processes similar to biosynthesisnamely, in chemical-informational synthesis
processes being created by chemically designing the biosynthesis (Aleskovskii 1992, Aleskovskii 1994,
Aleskovskii 1997a, Aleskovskii 1997b).
The idea of chemically designed biosynthesis was realized in the 1960s while scientists were creating the
process of chemical buildup (CB) modeling the replication of structural units, not on a one-dimensional
matrix, like biosynthesis, but on a two-dimensional matrix or substrate (Aleskovskii 1974, Aleskovskii
1975, Aleskovskii 1990b). The process is organized as follows: Irreversible chemisorption is carried
out in turnsfirst, of methane, then of teterachlormethaneon the prechlorinated diamond surface
[C]aCl at 300-600°C and atmospheric pressure as in formula 1:
[C]aCl + CH4 → [C]aCH3 + HCl ↑





[C]aCH3 + C Cl4 → [C]a —C—CCl + 3HCl ↑




By repeating the cycle A-B n-fold, a diamond film can be created, consisting of 2n carbon monolayers.
Using this CB procedure, the synthesis of superlattices is carried out, alternating cycles of corresponding
complementary reactions under a certain program.
Recently this group succeeded in creating a CSU-SB chemical model, when it appeared that
nanoglobules, produced by different methods, might be used as CSU in this process. Iler’s investigation
demonstrated that sol-nanoparticles, polysiliconic acid (silicasol) for example, could be used in a process
like the CB-process (Iler 1979). Hence it follows that sol-particles will come into the SB process under
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certain conditions. At the same time the group considered structurizing a nanoglobule by depositing a
system of concentric shells of different compositions on it. This information allowed us to synthesize
quantum devices and quantum substances, i.e., chemical compounds of artificial elements, where
superatoms represent atom-like quantum nanostructures (Watanabe 1986).
The scheme of quantum devices (Fig. 4.1), “being a zero-dimensional (Z-D) structure system, for
example, quantum dots of one or different kinds,” was thus developed (Aleskovskii 1990a).

Fig. 4.1. Scheme of structured quantum dots.
The idea that structurized nanoglobules could be produced by the CB-method was proved when this
method was used to encapsulate Aerosil A-380 nanoglobules (∅∼7nm) in a CdS-shell with a thickness
of from one to several monolayers, the last thickness being 1 nm (Romanichev 1996).
The CdS-shells’ synthesis is carried out in a vacuum installation, in turn providing the reagents’ supply
to the reactor and evacuating the gaseous products. With the aid of a quartz vibrator (f0 = 10 MHz)
placed in the reactor, the group determined the regimes of the reagents’ supply and the evacuation that
would provide the necessary conditions for a course of CB-reactions. The linear relationship between
the change in oscillation frequency of the quartz vibrator and the number of CB-reaction cycles confirms
the monolayer character of the CdS-film’s growth.
Synthesized samples, consisting of SiO2 nanoglobules encapsulated in CdS shells of different thickness,
were dispersed in glycerol and were investigated on the “Specord” spectrophotometer40M over the
range of 200 to 900 nm. When the CdS shells’ thickness of 12 is decreased to 1 monolayer, a shifting of
the border of the fundamental absorption band occurred, moving to the region of higher energies with a
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value shifting to 0.4 eV, thus revealing the quantum-dimensional effect. The group thus created
structurized nanoglobulesquantum nanostructures [CdS]n/SiO2, where n = 1 to 12.
In order to approach biosynthesis conditions, the development of a group fluid-phase chemicalinformational synthesis (FCIS), including a modified CB-process, was begun. The group created the
principal FCIS’ scheme (see Fig. 4.2) and determined the next step for this synthesis.

Fig. 4.2. Scheme of the liquid phase synthesis of quantum structures.
Nanoparticles (∅ 1-3 nm) of sol, produced by one of the known proceduresthe fluid-phase CBmethodare also encapsulated in sol by a system of concentric shells of different composition and
thickness, the shells being alternated in a predetermined order.
Also in that sol or in the mixture of different sols, taken in definite proportion, the group ensures the
conditions necessary for realizing the process of sol particle CB, resulting in a thoroughly programmed
regular structure, orin another variantfor the CB of these globules on the substrate, prepared
correspondingly. Additional operations (in particular, thermal treatment) are carried out.
The creation of a programmed structure can be illustrated by a scheme for producing quantum
nanostructures of a quantum dot type on a base of a CdS-sol, (ZnS)n /CdS, for example. For this
purpose, either a Zn-salt solution or a H2S solution is introduced n-times in turn into the CdS-sol, with
the excess reagents and byproducts being evacuated out of the electrodialyser. Thus the reaction
proceeds cycle by cycle (Fig. 4.3):
CdS + Zn2+ → CdSZn2+
CdSZn2+ + S2- → CdSZnS
Perhaps the group could produce more complicated nanostructures, for example (ZnS) n(CdS)m /Ag (or
Cu) on the base of an Ag (or Cu)-sol, by carrying out m cycles of CdS-nanolayerCB first, but after
that n cycles of ZnS-CB.
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Fig. 4.3. Synthesis of structured nanoglobules (SNG).
The structurized nanoglobules’ self-buildup is carried out by complementing the nanoglobules one to the
other beforehand, for example, as in the scheme in Fig. 4.4.
It is possible to produce an Unusual Supergreat Integral Scheme (USIS) model, a buildup of original
elements of the QD-type by depositing the mixture SNG-1, SNG-2, SNG-3, taken in the necessary
proportions, on the armed substrate.

Fig. 4.4. Complementary structural units of SNG.
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5. SYNTHESIS, STRUCTURE AND PROPERTIES OF NANOSTRUCTURED MATERIALS
(THEORETICAL MODELING)
I.A. Ovid’ko
Institute of Machine Science Problems
Russian Academy of Sciences
Bolshoi 61, Vas. Ostrov
St. Petersburg, 199178, Russia
fax: (812) 217 8614
e-mail: ovidko@pgpt.ioffe.rssi.ru or
ovidko@def.ipme.ru

Introduction
First, this presentation will discuss the general peculiarities of theoretical studies in Russia. It is no secret
that, due to financial hardships, support of scientific research in Russia is rather low. This fact causes
problems, first of all, in the development of experimental investigations that usually need high investment.
Theorists, in contrast, need only a salary and information in the form of access to the latest journals. Under
these circumstances, theoretical investigations, at least in solid state physics and materials science in Russia,
continue to be rather effective. In particular, Russian theoretical examinations in the area of nanostructured
materials continue to be competitive.
As to the general situation in the world of nanoscience, development in the theory of nanostructures is of
high interest. Many technological methods and a huge set of experimental data in the field of nanostructured
materials exist. However, present-day theoretical representations of the structural and unique behavioral
features of nanoparticles and nanostructured materials usually are not effective in modifying the technologies
involving the synthesis and processing of nanoparticles and nanostructured materials.
To summarize: on the one hand, there is a community of Russian theorists capable of producing theoretical
models of nanostructured materials, and on the other hand, there is a high general need to develop theories of
nanostructured materials. This situation seems to be worth the attention of experts dealing with grant
programs on nanoscience. (Research projects involving cooperation between Western scientists and Russian
theorists do not need much money, but, at the same time, financial support of these projects can effectively
contribute to progress in both nanoscience and nanotechnologies.)
Theoretical Modeling of Nanostructured Materials in Russia
I now wish to give a brief overview of Russian theoretical work in the area of nanostructured materials. In
doing so, the author, of course, does not pretend to review all Russian works in this field. However, he
hopes that the theoretical research dealing with the synthesis, structure, and mechanical properties of
nanostructured materials, for the most part, will be discussed here.
V. Gryaznov (Institute of High Pressure Physics, Russian Academy of Sciences, RAS, Moscow Region) and
A. Romanov (Ioffe Physico-Technical Institute, RAS, St. Petersburg) with co-workers developed theoretical
models that describe (1) the disclinations and relaxation of elastic stresses in nanoparticles (Gryaznov et al.
1991b, Gryaznov et al. 1991c, Polonskii 1991, Trusov 1991, Romanov et al 1993, Gryaznov et al.1993); (2)
the size effects of dislocation stability in nanoparticles and their aggregates (Gryaznov et al 1993, Gryaznov
et al. 1989, Gryaznov et al. 1991a); (3) mass-transfer and plasticity in contacting nanoparticles (Gryaznov et
al. 1993, Gryaznov et al. 1992); and (4) the yield stress of compacted aggregates of nanoparticles (Gryaznov
et al. 1994). G. Malygin (Ioffe Physico-Technical Institute, RAS, St. Petersburg) has examined theoretically
the microscopic aspects of the deviation of “yield stress-grain size” dependence from the Hall-Petch

26

II. Papers Presented Aug. 21, 1997

relationship in microcrystalline and nanocrystalline materials (Malygin 1995). A. Nazarov (Institute of
Superplasticity of Metals, RAS, Ufa) and A. Romanov with co-workers have constructed theoretical models
that effectively describe ensembles of grain boundary dislocations and disclinations in nanocrystalline
materials (Nazarov et al. 1993a, Nazarov et al. 1993b, Nazarov et al. 1993c, Nazarov et al. 1996). In these
models, special attention is paid to the description of so-called inequilibrium grain boundaries that are
characterized by disorder in their arrangement of boundary defects and to the calculation of the energetic and
stress-field characteristics of highly defected boundaries in nanocrystalline materials.
Some models dealing with polycrystalline materials were developed, and their results can be related to the
description of nanocrystalline materials as well. Examples of such models are those that describe stress
fields of grain boundaries and intergrain sliding in plastically deformed materials (Perevezentsev et al. 1992,
Rybin et al. 1993, Perevezentsev et al. 1996).
S. Aizikovich (Rostov State University, Rostov) has constructed analytic methods for calculating elastic
stress fields in spatially inhomogeneous films and multilayered systems under nanoindentor action, this
being an effective non-destructive technique for characterizing films and multilayered systems (Aizikovich
1993, Aizikovich, 1995). R. Suris (Ioffe Physico-Technical Institute, RAS, St. Petersburg) and co-workers
have proposed models of the electronic properties of nanostructured films (Ryvkin et al. 1995, Andreev et al.
1996). E.L. Nagaev (Institute of High Pressure Physics, RAS and Moscow Region) has constructed models
describing electron emission, catalytic processes, and partial melting on the surfaces of nanoparticles as well
as size-dependent electronic effects in magnetic and non-magnetic nanoparticles (Nagaev 1995).
Computer modeling of nanomaterials is being developed by the group headed by E. Sheka (Russian Peoples’
Friendship University, Moscow) (Sheka et al. 1995, Sheka n.d.). The atomic dynamics of metal clusters is
the subject of computer models by A. Galashev (Institute of Heat Physics, RAS, Ekaterinburg) (Galashev
1994, Galashev 1997).
Yu.E. Lozovik and A.M. Popov (Institute of Spectroscopy, RAS, Moscow Region) work on theoretical
models of carbon nanostructures: fullerenes, nanoparticles, etc. (Lozovik 1997). A theoretical group from
the Institute of Crystallography (RAS, Moscow) has analyzed orientational ordering in cubic C 60 (Dilanyan
et al. 1995). Prof. Kukushkin and his co-workers (Institute of Machine Science Problems, RAS, St.
Petersburg) have developed a theoretical scheme effectively describing the kinetics of first-order transitions
in multicomponent cases at the initial stage and at the later Oswald-ripening stage. They have also
developed a technique for controlling the size-distribution function of thin-film nuclei using certain
variations of external parameters (substrate temperature, deposition power) with time (Kukushkin 1994,
Kukushkin et al. 1995, Osipov 1995a, Osipov 1995b, Kukushkin et al. 1996a, Kukushkin et al. 1996b,
Kukushkin et al. 1996c).
The Laboratory for the Theory of Defects in Materials (Institute of Machine Science Problems, RAS, St.
Petersburg), headed by I. Ovid’ko, has developed models describing (1) the role of dislocations and
disclinations in the plastic deformation of metallic glass-nanocrystal composites (Gutkin et al. 1993, Ovid’ko
1995b, Ovid’ko 1995a); (2) the splitting of triple-junction disclinations in nanostructured and polycrystalline
materials (Gutkin et al. 1994a, Gutkin et al. 1995a, Gutkin et al. 1995b, Gutkin et al. 1996a); (3) the special
strengthening effect due to quasiperiodic boundaries in polycrystalline and nanostructured materials
(Ovid’ko 1994c, Ovid’ko 1995b, Gutkin et al. 1996b); (4) dislocations in ultrathin heterogeneous plates,
heteroepitaxial structures, and superlattices (Gutkin et al. 1991a, Gutkin et al. 1991b, Gutkin et al. 1992b,
Gutkin 1992c, Gutkin 1993a); (5) quasiperiodic interfaces and their role in plastic deformation processes in
nanostructured materials (Ovid’ko 1997a, Ovid’ko 1997b, Ovid’ko n.d.); and (6) quasinanocrystalline
materials as a new class of nanostructured materials (Ovid’ko 1997a, Ovid’ko 1997b, Ovid'ko n.d.). Special
attention in recent studies has been paid to quasiperiodic interfaces in thin films and nanostructured
polycrystals as well as to quasinanocrystalline materials (consisting of nanocrystallites and quasiperiodic
grain boundaries). These topics will be covered in the next section in more detail.
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Quasiperiodic Interfaces in Nanostructured Materials and Quasinanocrystalline Materials
The notion that quasiperiodic interfaces are interfaces of a special type is rather new in both materials
science and solid state physics (Sutton 1988, Rivier et al. 1988, Gratias et al. 1988, Ovid’ko 1994c, Ovid’ko
1995b, Gutkin et al. 1996b, Ovid’ko 1997a, Ovid’ko 1997b, Ovid'ko n.d.). In particular, the idea is not
widespread among experts in the area of nanostructured materials. In contrast to periodic interfaces, each
having one characteristic spatial scale (period), any quasiperiodic interface has at least two characteristic
spatial scales. So, a quasiperiodic interface in a film-substrate system is an interface with the smoothest (but
non-periodic) alteration of misfit dislocations separated by either characteristic distance 11 or characteristic
distance 12 (Fig. 5.1).

Fig. 5.1. Quasiperiodic interface with misfit dislocations in the film-substrate system.

Since misfit dislocations repel each other, the quasiperiodic (smoothest) ordering of misfit dislocations
provides a minimum of the elastic energy of the system (Ovid’ko n.d.). A quasiperiodic tilt (small- or highangle) boundary is represented as a boundary with the smoothest (but non-periodic) alteration of the
secondary boundary dislocations separated by either characteristic distance g1 or characteristic distance g2
(Fig. 5.2).

Fig. 5.2. Quasiperiodic tilt boundary consisting of structural units of type A (associated with
secondary boundary dislocations) and structural (non-dislocated) units of type B.
The quasiperiodic ordering provides a minimum of the elastic energy of the tilt boundary (Sutton 1988,
Ovid’ko n.d.).
Quasiperiodic interfaces exhibit properties that, generally speaking, are different from those of periodic and
disordered interfaces (Sutton 1988, Rivier et al. 1988, Gratias et al. 1988, Ovid’ko 1994c, Ovid’ko 1995b,
Gutkin et al. 1996b, Ovid’ko 1997a, Ovid’ko 1997b, Ovid’ko n.d.). In particular, quasiperiodic tilt
boundaries serve as plastifying elements in nanostructured polycrystals, where their effect is capable of
contributing to experimentally observed deviations of “yield stress-grain size” dependence from the standard
Hall-Petch relationship (Ovid’ko 1997a, Ovid’ko 1997b, Ovid’ko n.d.).
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Quasiperiodic interfaces are inherent structural elements in nanostructured materials. So, according to
estimates (Ovid’ko n.d.), the ratio of Q/P is close to 5, where Q and P are the densities of respectively
quasiperiodic and periodic tilt boundaries in nanostructured polycrystals. Thus, one can suppose the limiting
situation to occur in which all grain boundaries in a nanostructured polycrystal are quasiperiodic. This
limiting situation is a radical change from the usually modeled situation with nanocrystalline solids
containing only disordered and/or periodic grain boundaries. Actually, the structure and properties of
quasiperiodic grain boundaries are different from those of “normal,” disordered, and/or periodic boundaries;
the quasiperiodic boundary phase differs (in both thermodynamic and crystallographic senses) from both the
disordered and periodic boundary phases in crystals (Sutton 1988, Rivier et al. 1988, Gratias et al. 1988). At
the same time, an influence of the grain boundary phase (whose volume fraction in nanostructured
polycrystals is very high, ranging from 10 to 50%) on properties of nanostructured polycrystals is
determinative. It suggests that nanostructured polycrystals with quasiperiodic grain boundaries represent a
new type of nanostructured materials whose structure and properties are different from those of conventional
nanocrystalline materials with disordered and/or periodic boundaries (and of other nanostructured solids).
In order to emphasize the fact that the nanoscale structure and quasiperiodic elements are the definitive
structural features of nanostructured polycrystals with quasiperiodic grain boundaries, researchers call such
polycrystals quasinanocrystalline materials (Ovid’ko 1997a, Ovid’ko 1997b).
The synthesis of quasinanocrystalline materials is an open technological problem. In any event, however,
nanostructured polycrystals synthesized by presently available methods can be effectively treated as
composites consisting of the quasinanocrystalline phase and the conventional nanocrystalline phase.
Therefore, the concept of quasinanocrystalline materials is important to the analysis and characterization of
both the structure and the macroscopic properties of real nanostructured polycrystals (Ovid’ko n.d.).
Proposals for Cooperation
The Laboratory for the Theory of Defects in Materials (Institute of Machine Science Problems, Russian
Academy of Sciences), headed by I. Ovid’ko, is interested in the development of collaboration with foreign
scientific groups. This group can propose objectives for forthcoming investigations with foreign scientific
groups because of its previous experience in elaborating theoretical models of defects and plastic
deformation processes in condensed media (in particular, nanostructured, crystalline, and noncrystalline
solids) and in analyzing present-day state-of-the-art theory in the area of nanostructured materials (for
instance, Barakhtin et al. 1986, Barakhtin et al. 1987a, Barakhtin et al. 1987b, Barakhtin et al. 1989a,
Barakhtin et al. 1989b, Gutkin et al. 1991a, Gutkin et al. 1991b, Gutkin et al. 1992a, Gutkin et al. 1992b,
Gutkin et al. 1992c, Gutkin et al. 1993a, Gutkin et al. 1993b, Gutkin et al 1993c, Gutkin et al. 1994a, Gutkin
et al. 1994b, Gutkin et al. 1995a, Gutkin et al 1995b, Gutkin et al. 1996a, Gutkin et al. 1996b, Kolesnikova
et al. 1997, Melker et al. 1985, Osipov et al. 1992, Ovid’ko 1985a, Ovid’ko 1985b, Ovid’ko et al. 1986a,
Ovid’ko 1986b, Ovid’ko 1986c, Ovid’ko 1987a, Ovid’ko 1987b, Ovid’ko 1987c, Ovid’ko et al. 1987d,
Ovid’ko 1987e, Ovid’ko 1988a, Ovid’ko 1988b, Ovid’ko 1989a, Ovid’ko 1989b, Ovid’ko 1989c, Ovid’ko
1989d, Ovid’ko 1989e, Ovid’ko 1989f, Ovid’ko 1989g, Ovid’ko 1990a, Ovid’ko 1990b, Ovid’ko 1990c,
Ovid’ko 1990d, Ovid’ko 1990e, Ovid’ko 1990f, Ovid’ko 1991a, Ovid’ko 1991b, Ovid’ko 1991c, Ovid’ko
1992a, Ovid’ko 1992b, Ovid’ko 1993a, Ovid’ko 1993b, Ovid’ko 1993c, Ovid’ko 1994a, Ovid’ko 1994b,
Ovid’ko 1994c, Ovid’ko 1994d, Ovid’ko 1995a, Ovid’ko 1995b, Ovid’ko 1995c, Ovid’ko 1997a, Ovid’ko
1997b, Ovid’ko n.d., Vladimirov et al. 1989).
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The following are some possible projects:
•

characterize the evolution of the microstructure in polycrystal-to-nanocrystal transformations in
materials under mechanical treatment (ball milling, severe plastic deformation)

•

construct theories for the formation of nanostructured materials and films from vapor, liquid, and
amorphous phases

•

develop techniques for the structure control of nanostructured materials and films in the course of their
formation

•

characterize the geometric, energetic, and stress-field parameters of defects, free surfaces, and interfaces
in nanostructured materials and films with special attention paid to new-type interfaces (interfaces
between incommensurate crystalline phases and interfaces between crystalline, quasicrystalline, and
amorphous phases)

•

understand the role of defects, free surfaces, and interfaces in nanostructure stability and in the
mechanical properties of nanostructured materials and films

•

reveal new general features of the formation processes and evolution of the structure of nanostructured
materials and films

•

predict the formation parameters and the microstructures that will optimize the mechanical properties
and/or structural stability of nanostructured materials and films
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6. ULTRATHIN WIRES WITH NEAR-ATOMIC DIAMETERS
Yuri A. Kumzerov
Ioffe Physico-Technical Institute
Russian Academy of Sciences
St.Petersburg 194021, Russia
fax: (812) 515-6747
e-mail: kumz@infopro.spb.su

Modern solid state physics needs new materials that possess some nontrivial properties and new methods for
their fabrication. This presentation discusses some aspects of a so-called “matrix method,” developed at the
Ioffe Institute by Prof. V. Bogomolov (Bogomolov 1978), of new materials fabrication based on a wide set of
crystal materials (matrices) having structures containing microcavities of equal sizes and regular dispositions
in space. If a substance is embedded into these voids, regular sets of identical microparticles or ultrathin
wires from different materials (metals, semiconductors, insulators etc.) can be constructed.
In this presentation, only those systems where filamentary structures can be obtained will be discussed. The
matrix in this case is chrysotile asbestosMg3Si2O5(OH)4. This is a natural dielectric mineral that exists in
the form of filamentary bundles. Their diameters are some hundreds of Angstroms, and their length is about
one centimeter. These filaments really are tubes containing hollow channels with diameters from 20 to about
150 Å. The size of the diameters depends on the specific deposit (the origin) of this natural mineral. Each
filament is a monocrystal consisting of double layers of networksMg-O and Si-O. The sizes of the Mg-O
networks (a = 5.39 Å, b = 9.33 Å) are greater than the sizes of the Si-O networks (a = 5.16 Å, b = 8.90 Å),
and this difference causes the double layers to roll. As a result, some tubes with hollow channels have been
obtained (see Fig. 6.1). The parameters of the asbestos lattice are as follows: a = 14.65 Å, b = 9.25 Å, c =
5.34 Å, ß = 93° 16'a monoclinic system. The filaments are hexagonal and closely packed (Pundsak 1961).

Fig. 6.1. Schematic structure of chrysotile asbestos.
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The introduction of different substances into these channels gives a system of identical, parallel, isolated, and
regularly disposed ultrathin wires with corresponding diameters (for a schematic view see Fig. 6.1). The
filling of the channels is realized from the molten state with the use of external pressure up to 10 kbars. The
liquid (molten) metals do not wet the matrices, and such materials can be embedded into the channels only
under some high pressure conditions. By embedding different liquid metals into the voids of different
matrices, one can see that the usual continuous formula for Laplace pressurePc = 0.4σ/D, connecting the
diameter of some capillary D, surface tension σ, and critical pressure Pc under which liquid metal penetrates
into this capillarymay be used when the capillaries have diameters even on a nanometer scale. This is a
very interesting phenomenon that may be used to determine the diameters of wires. In the case of chrysotile
asbestos, it is possible to fabricate the wires and measure their conductivity simultaneously. The sample of
asbestos (the bundle of asbestos filaments with a total diameter of about 0.1 mm and with a length of about 5
mm) is passed into dielectric tubes; there are also some elastic tubes with molten liquid metal and metallic
contacts (mercury, for example). This construction takes place in a liquid medium that transfers the external
pressure. If there is no pressure, there is no conductivity because all the channels are empty. When the
external pressure increases at some moment, according to the formula for Laplace pressure, the liquid metal
penetrates the channels of asbestos and gives some of them nonzero resistance.
At this point, a system of parallel ultrathin metallic wires exists. Using the dependence of resistance versus
external pressure, one can determine the distribution function (N) that is the relative number of wires with
different diameters. This distribution may be quite narrow, and in this situation, wires appear to have
practically equal diameters (variation in diameters about 5%). Usually one can choose samples with narrow
distributions and with different diameters, and so it is possible to have systems of identical wires and yet vary
their diameters: 20 Å, 30 Å, 50 Å, 100 Å, etc. Each sample contains about one million identical wires (Fig.
6.1). If the external pressure is decreased at some moment, the metallic wires may be broken because of the
instability caused by the inability of the molten metals to wet the matrices. One may see this situation on the
photograph of mercury wires made by an electron microscope (Fig. 6.2). For the wetting situation, the wires
may be continuous without external pressure (Fig. 6.2, Bi and InSb wires).

Fig. 6.2. A transmission electron microscope photograph showing different materials in asbestos filaments.
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If the external pressure continues, the wires for the metallic situation will also be continuous, and therefore it
becomes possible to measure their conductivity directly. With this method, ultrathin wires have been
fabricated from Hg, Sn, In, Cd, Ga, Pb, Bi, Se, Te, InSb, S, NaNO2, and KH2PO4 (KDP).
So the system permits the study of the physical properties of conducting wires with decreasing diameters on a
nanometer scale as one approaches the one-dimensional limit, that is the transitional region between threedimensional and one-dimensional objects.
It is well known that true one-dimensional systems must have very unusual properties. First, they must be
insulators, according to Peierls’ phase transition (Jerome and Schulz 1982) or because of the localization of
electronic states (Bergmann 1984). Second, true one-dimensional systems can not exhibit phase transitions
because of the fluctuations that become very important in one-dimensional objects and destroy the phase
transitions (Skocpol et al. 1975). These systems are unique in that they permit the study of the successive
appearance and variation in properties as a function of diameter, approaching the one-dimensional limit.
Figure 6.3 demonstrates the temperature dependences of resistance for mercury wires with different
diameters in the large temperature scale. Here are the parts that are connected with melting and freezing (the
broadened jumps of resistance on the right side), with superconductivity (the jumps of resistance on the left
side), and with the localization of electronic states (the middle part of the temperature dependence of
resistance).

Fig. 6.3. Relative resistance versus temperature for mercury wires with different diameters.
The effect of the localization of electronic states reflects the property of the true one-dimensional system as
an insulator. In a one-dimensional object, anyeven a very smalldisorder leads to a localization of
electronic states and thus to the dielectrization of the system. The so-called “weak localization” in the thin,
but not one-dimensional object leads, as is known, not to full dielectrization, but to the nonmetallic
temperature dependence of resistance. This nonmetallic behavior is exhibited more and more clearly as the
diameters decrease (Bogomolov et al. 1983b). The process for mercury wires is shown in Fig. 6.4. Here,
there is a large region of nonmetallic behavior in the thinnest wires. Such dependencies are thoroughly
explained by the theory.
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Fig. 6.4. The effect of “weak localization”on mercury wires.
Figure 6.5 demonstrates the successive suppression of phase transition with the decrease of wire diameters
(that is, when the one-dimensional limit is approached) for the second-order phase transition
superconductivity for mercury wires (Bogomolov 1975). In the bulk material, the temperature region of
the superconducting transition is very narrow. For the wires, there is a successive broadening of this
transition with decreasing diameters so that the one-dimensional limit leads to nonzero resistance at any
temperature, that is, to the absence of superconductivity. The experimental dependences R (T) may well be
described by theoretical models (Aslamasov et al. 1968 and McCumber et al. 1970), and this comparison
with theory permits the determination of such parameters as critical temperature. In the case of the
broadened transition, this is not a trivial procedure (Bogomolov et al. 1983a). The dependence of critical
temperature versus diameter Tc (d) is shown in Fig. 6.6 and demonstrates that as the one-dimensional limit of
Tc approaches zero, the phase transition is also suppressed. It is interesting that some maximum critical
temperature exists for mercury and indium wires. This, in a sense, confirms experimentally for the first time
the theoretically predicted possibility of Tc increasing in one-dimensional systems. It may be noted that these
dependences are unique now for ultrathin wires.

Fig. 6.5. Relative resistance vs. temperature for mercury wires with different diameters in the region of the
superconducting transition (the process of successive suppression of superconductivity with
decreasing diameters.
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Fig. 6.6. Critical temperature of superconductivity vs. diameter for Sn, In, and Hg wires.
Figure 6.7 reveals a similar process of phase transition destruction for the first-order phase
transitionmelting-freezing. The study measured the temperature dependences of resistance in the region of
melting and freezing (Bogomolov et al. 1985). This behavior also corresponds to the phase transition
suppression that occurs when wires approach the one-dimensional limit. Figure 6.7 demonstrates the
dependence of melting temperature versus diameter (the dashed lines indicate the broadening of transition,
the insertion shows the dependence of relative broadening versus diameter). There is some hysteresis
between melting and freezing that is typical of the first-order phase transition. It is interesting that this
hysteresis decreases with decreasing diameters and disappears for the smallest diameters. There seems to be
no difference between the phase transitions of the first and second orders in this limit. These data are also
unique for filamentary structures.

Fig. 6.7. Melting temperature for mercury wires vs. diameter (dashed lines indicate the broadening of
melting transition). Insertion and suppression of melting transition vs. diameter.
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Some other effects also appeared: a nontrivial dependence of heat capacity in the region of the
superconducting phase transition (Bogomolov et al. 1981), a very large, increasing critical magnetic field for
superconductivity (3 times more than the paramagnetic limit) (Bogomolov, et al. 1976), some effects
connected with Peierls’ phase transition (Bogomolov et al. 1980) (this is practically an unexplored field for
nearly, but not true one-dimensional systems), and some effects connected with e-e interactions in the case of
very small tunnel junctions (Kumzerov 1986).
In conclusion, these ultra thin wires seem to be unique objects that permit the study of the transitional region
between one-dimensional and three-dimensional materials.
References
Aslamasov, L.G. and A.I. Larkin. 1968. Effect of fluctuations on the properties of a superconductor above the critical
temperature. Fizika tverdogo tela. 10:1104-1113.
Bergmann, G. 1984. Weak localization in thin films a time-of-flight experiment with conduction electron. Phys. Repts.
107:1-58.
Bogomolov V.N. and Yu.A Kumzerov. 1975. Fluctuations in mercury filaments five atoms in diameter. Pis’ma v
JETP. 21:434-438.
Bogomolov, V.N., N. Klushin, Yu.A. Kumzerov, and P. Cheremnih. 1976. Critical magnetic fields of mercury filaments
five atoms in diameter. Fizika tverdogo tela. 18:1476-1477.
Bogomolov, V.N. 1978. Liquids within ultrathin channels. Uspechi phizicheskih nauk. 124:171-182.
Bogomolov, V.N., E. Kolla, Yu.A. Kumzerov, N. Okuneva, and V. Prigodin. 1980. Appearance of the dielectric
instability and its coexistence with the superconductivity in ultrathin metallic filaments with decreasing diameter.
Sol.St.Commun. 35:363-366.
Bogomolov, V.N., Yu.A. Kumzerov, and V.A. Pimenov. 1981. Splitting of the heat capacity peak of metal filaments in
a dielectric matrix in the superconductive transition region with decreasing diameter of the filaments. Phys.Lett.
86A:183-184.
Bogomolov, V.N., E. Kolla, and Yu.A Kumzerov. 1983a. Determination of the critical temperature of the ultrathin
metals filaments superconducting transition and its dependence on the filament diameter. Sol.St.Commun. 46:159160.
Bogomolov, V.N., E. Kolla, and Yu.A. Kumzerov. 1983b. One-dimensional effects in low-temperature conductivity of
ultrathin metallic filaments. Sol.St.Commun. 46:383-384.
Bogomolov, V.N., E. Kolla, and Yu.A. Kumzerov. 1985. First–order phase transition in an approximately onedimensional system. Pis’ma v JETP. 41:28-31.
Jerome, D. and H.J. Schulz. 1982. Organic conductors and superconductors. Adv. In Phys. 31:299-400.
Kumzerov, Yu.A. Elecronic properties of near one-dimensional metallic wires. 1986. Thesis for Doctor of Sciences,
Leningrad. 228 pp.
McCumber, D.E. and B.I. Halperin. 1970. Time scale of intrinsic resistive fluctuations in thin superconducting wires.
Phys. Rev. B1:1054-1070.
Pundsack, F.L. 1961. The pore structure of chrysotile asbestos. Journ. Phys. Chem. 65:30-33.
Skockpol W.J. and M. Tinkham. 1975. Fluctuations near superconducting phase transitions. Reports on Progress in
Physics. 38:1049-1097.

39

7. R&D IN THE FIELD OF NANOSTRUCTURED MATERIALS IN RUSSIA
R.A. Andrievski
Institute for New Chemical Problems
Russian Academy of Sciences
Chernogolovka, Moscow Region, 142432, Russia
fax: (095) 742-0004
e-mail: ara@incp.ac.ru

The topic of nanostructured materials (NM) is now very popular in the world as well as in Russia. The great
attention to NM has occurred for at least two reasons. First, researchers hope to realize the unique
mechanical, physical, and chemical properties of the nanocrystalline (NC) state and therefore achieve
enhanced material performance properties as well. Second, researchers plan to fill the many gaps not only in
the understanding of this state, but also in realizing its technological promise. The known results of Gleiter
and his associates (Birringer et al. 1986) have had an important impact on NM research and development.
But this impact has been anticipated by many years of study in the fields of ultrafine powders (UFP),
colloids, clusters, dusts, metal strengthening, metallic glasses, films, catalysts, etc. All these scientific
directions have developed intensively in the countries of the former Soviet Union and in Russia in particular.
It is possible to list many fundamental Russian books devoted to these problems that are not always well
known to Western scientists (e.g., Natanson 1959, Palatnik et al. 1972, Morokhov et al. 1977, Frishberg et al.
1978, Skorokhod et al. 1979, Tsvetkov and Pamfilov 1980, Ievlev et al. 1982, Morokhov et al. 1984,
Nepiyko 1985, Tananaev 1987, Kalamazov et al. 1988, Andrievski 1991, Ievlev 1992, and Trofimov et al.
1993). So the current studies have a good base. Nevertheless, there are known difficulties in conducting
R&D in Russia and in this connection, international cooperation is very desirable.
NM can be classified into three groups: particulate materials, materials obtained by controlled crystallization
from the amorphous state, and materials obtained from films (Andrievski 1998). Using these classifications,
the remainder of this presentation will describe the main research groups in the field of NM in Russia (see
the list of acronyms for the various institutes in the appendix section of this paper, p. 42).
1.

Particulate Materials: Practically all physical and chemical methods for the preparation of metallic
and nonmetallic UFP are studied in Russia and in some other republics of the New Independent States
(NIS): the reduction of oxides is studied at BIMET, MSISA, and IMATSP; plasma synthesis is carried
out in BIMET, FNCP, and IIC; the electrical explosion of wires at IEP and SRIHV; gas condensation at
IMET-Ural, ICP, and SIC “Ultram,” electrolysis at IGIC; laser synthesis at RIPTC; denotative synthesis
at IG, KSTU, SIA “Altai,” and IP; mechanosynthesis at ICSS-Sib, IPM, F-ESTU, and ICP; and sol-gel
technology at MRCTU. Polymer composites with metal UFP are investigated in ICP-Chern.
Characterization studies of UFP are conducted in all these institutes and at RPFU, IGP, IPC, and LMSU
as well. The consolidation of UFP and the properties of particulate NM are investigated at INCP, IEP,
ISSSP, IMSP, BIMET, IPM, IHPP, MSEMI, ICSS-Ural, SPSTI, and IPAM. The physical and physicalchemical nature of NM is examined at PTI, IPM, IMETSP, IMSP, IMATSP, ISSP, VSTU, TSABA,
ASTU, IPAM, VSPU, INCP, IP, BIMET, ISPMS, MSISA, SPSU, and MSIU. Some results of these
works have been published (Andrievski 1998, Andrievski 1994, Andrievski (in press), Proc. 1995, Proc.
1997, Ext. 1997, Noskova 1997, Red'kin 1996, and Chow 1998). Application problems in the
conformity of fine filters and diamond materials are being developed at SIC “Ultram” and SCA “Altai.”

2.

Materials obtained by controlling crystallization from the amorphous state. The preparation,
structure, and properties of these NM are investigated at many institutes (e.g., BIMET, IMP, ISSP, PTI,
IPM, VSTU, VSPU, MSISA, MSIU, RIPTC, IMATSP, etc.), and the results have been reported at some
conferences (e.g., Proc. 1995, Proc. 1997, Noskova 1997, Chow 1998, Bobrov et al. 1995).
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3.

Films. This topic is also very popular in many research programs (e.g., INCP, BIMET, IPM, ISSP,
VSTU, IMP, MSISA, IREE, IMTP, ISSC-Ural, IP-Kirg, IP, PTI, etc.). The different versions of PVD
and CVD and the structure and properties of films are studied. Some of these results have appeared in
books (Palatnik et al. 1972, Ievlev et al. 1982, Ievlev 1992, and Trofimov et al. 1993) and, as applied to
films based on interstitial phases, reviewed (Andrievski 1998 and Andrievski 1997).

4.

Plastic Deformation. In addition, a fourth type of NM can be produced by severe plastic deformation
(see the report by R.Z. Valiev in this volume).

In this brief report only the rough outlines of Russian and some NIS activities in the NM field have been
presented. The list of research groups is not exhaustive and includes only the main ones. It should be
recorded that the number of participants at the Krasnojarsk Conference (Red’kin 1996) included more than
350 specialists from 52 different institutes and plants from 26 Russian cities.
The establishment of international contacts between Russian, other NIS, and U.S. specialists in the field of
NM seems to be advisable and promising.
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Appendix: Institutes’ Acronyms and Leading Scientists
ASTU

Altai State Technical Univ., Barnaul (M.D. Starostenkov, B.F. Demynov)

BIMET

Baikov Inst. Metallurgy, Moscow (M.I. Alimov, Yu.K. Kovneristyei, M.M. Myshlyaev,
M.Kh. Shorshorov, Yu.V. Tsvetkov)

FESTU

Far-Eastern State Technical Univ., Wladivostok (A.A. Popovich)

ICP

Inst. Chemical Physics, Moscow (P.I. Butiagin, Yu.I. Petrov)

ICP-Chem.

Inst. Chemical Physics, Chemogolovka (V.I. Petinov, A.D. Pomogailo)

IEP

Inst. Electrophysics, Ekaterinburg (V.V. Ivanov, Yu.A. Kotov)

IG

Inst. Hydrodynamics, Novosibirsk (A.P. Ershov)

IGIC

Inst. General and Inorganic Chemistry, Kiev, Ukraine (V.I. Shapoval)

IGP

Inst. General Physics, Moscow (E.D. Obraztsova)

IHPP

Inst. High Pressures Physics, Troitsk (V.A. Sidorov, O.B. Tslok)

IIC

Inst. Inorganic Chemistry, Riga, Latvia (T.N. Millers, E. Palcevski)

IMETSP

Inst. Metals Superplasticity Problems, Ufa (R.R. Mulyukov)

IMET-Ural

Inst. Metallurgy, Ekaterinburg (I.V. Frishberg)

IMP

Inst. Metal Physics, Moscow (A.M. Glezer)
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IMSP

Inst. Machine Science Problems, St.Petersburg (I.A. Ovld’ko, Yu.I. Meshcheryakov)

IMATSP

Inst. Materials Science Problems, Kiev, Ukraine (V.V. Skorokhod)

IMTP

Inst. Microelectronics Technology Problems, Chemogolovka (V.B. Aristov)

INCP

Inst. New Chemical Problems, Chernogolovka (R.A. Andrievski, V.N. Troltskly)

IP

Inst. Physics, Krasnojarsk (G.I. Frolov)

IP-Kirg

Inst. Physics, Bishkek, Kirghistan (I.A. Anisimova)

IPAM

Inst. Physics of Advanced Materials, Ufa (R.Z. Valiev)

IPC

Inst. Physical Chemistry, Moscow (Yu.P. Toporov)

IPM

Inst. Physics of Metals, Ekaterinburg (A.E. Yermakov, N.I. Noskova, V.V. Sagaradze,
V.V. Ustinov)

IREE

Inst. Radio Engineering & Electronics (V.I. Trofimov)

ISPMS

Inst. Strength Physics and Materials Science, Tomsk (Yu.R. Kolobov)

ISSC-Sib

Inst. Solid State Chemistry, Novosibirsk (V.V. Boldyrev, E.G. Avvakumov)

ISSC-Ural

Inst. Solid State Chemistry, Ekaterinburg (A.A. Rempel)

ISSP

Inst. Solid State Physics, Chemogolovka (A.S. Aronin, A.V. Serebriakov, Ya.M. Soifer)

ISSSP

Inst. Solid State and Semiconductor Physics, Minsk, Belarus (V.S. Urbanovich)

KSTU

Krasnoiarsk State Technical Univ., Krasnojarsk (V.E.Red’kin, V.V. Slabko)

LMSU

Lomonosov Moscow State Univ., Dept.Solid State Physics (A.A. Novakova)

MRCTU

Mendeleev Russian Chemical-Technological Univ., Moscow (A.S. Vlasov)

MSEMI

Moscow State Evening Metallurgical Inst. (I.P. Arsentyeva)

MSISA

Moscow Inst. Steel and Alloys ( B.S. Bokshtein, V.A. Levashov)

MSIU

Moscow State Industrial Univ. (V.P. Alekhin)

PTI

Ioffe Physico-Technical Inst., St. Petersburg (V. Betechtin, Yu.A. Kumzerov, A.E.
Romanov)

RIPTC

Research Inst. Powder Technology and Coatings, Perm (V.N. Antsiferov)

RPFU

Russian Peoples’ Friendship Univ., Moscow (E.F. Sheka)

SIA-“Altai”

Scientific-industrial Association “Altai,” Bieisk (E.A. Petrov)

SIC-“Ultram”

Scientific-Industrial Center “Ultram,” Moscow (L.I. Trusov)

SPSU

St. Petersburg State Univ. (V.B. Aleskovskii)
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SPSTI

St. Petersburg State Technological Inst. (S.S. Ordanian)

SRIHV

Scientific-Research Inst. High Voltage, Tomsk (A.P. Iljin)

SRIPM

Scientific-Research Inst. Powder Metallurgy, Minsk, Belarus (S.G. Baral)

TSABA

Tomsk State Architectural-Building Academy, Tomsk (E.V. Kozlov)

VSPU

Voronezh State Pedagogical Univ., Voronezh (V.A. Khonik)

VSTU

Voronezh State Technical Univ., Voronezh (V.M.Ievlev, I.V.Zolotukhln)
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8. NANOPHASE ALLOYS
N.I. Noskova
Institute of Metal Physics, Ural Division, Russian Academy of Sciences
18 Kovalevskaya Str., GSP-170
Ekaterinburg, 620219, Russia
fax: (3432) 745 244
e-mail: noskova@imp.uran.ru

We were interested in studying the strength and plasticity and the structure of nanograins and their
boundaries for nanocrystalline polyphase alloys. We have investigated nanocrystalline Fe 73.5Nb3Cu1Si13.5B9,
Fe73Ni0.5Nb3Cu1Si13.5B9, Fe5Co70Si15B10, Pd77.5Cu6Si16.5, and Pd81Cu7Si12 ribbons produced by superfast quenching
from the melt followed by fast heating to 723-923 K in a vacuum. The annealing times were from 10
seconds to 1 hr. The alloy Pd81Cu7Si12 was produced by a rapid quenching of the melt and was crystallized
during creep tests in the temperature range between 623 and 823 K and at stresses between 39 and 0.7 MPa.
Under creep at 723 K, at a stress of 2.1 MPa, the resulting alloy had a nanocrystalline structure with a grain
size of <10 nm. Under these conditions, the alloy exhibited an elevated plasticity.
The phase composition and the microstructure of the alloys were studied using the transmission electron
microscope. The microstructure of the nanocrystalline Fe73.5Nb3Cu1Si13.5B9 alloy was studied in situ at
different stages of crystallization of the amorphous ribbons in the column of an electron microscope. The
specific features of the structure of nanometer-sized grains and of the phase composition of the alloy have
been established depending on the schedule of the crystallization annealings. High-resolution transmission
electron microscopy (HREM) was used to study the structure of nanophase crystals and their interfaces in
nanophase alloys. It was shown that the interfaces between chemically similar nanophases may have
different structures: they may represent a crystalline junction (with a transition region of no more than 0.2
nm in width) between nanocrystals whose lattices are misoriented by 2-70 0; they may be twin boundaries;
they may have a more complex structure with dislocations; or they may even have an amorphous structure.
Defect stability is different in nanocrystal and nanophase interfaces and is determined by the way the
nanocrystalline structure is produced.
The tensile strength of the alloys was determined by stretching ribbon specimens to failure at a rate of 1.6 x
10-5 – 7 x 10-5 s-1 at 293-723 K. Rapid crystallization of metallic glass at an elevated temperature under rapid
heating and cooling was shown to result in a significant gain in the strength of the alloy Fe 5Co70Si15B10 at 300
K, of the alloy Pd81Cu7Si12 at 573 K, and of the alloy Fe73.5Cu1Nb3Si13.5B9 at 673 K.
Production of the Nanophase Alloys
Figure 8.1 shows the various ways the alloys are transformed from the amorphous state to the nanophase
state. Included are Fe73.5Cu1Nb3Si13.5B9 and Pd81Cu7Si12 alloys (Noskova et al. 1992, Glazer et al. 1992,
Noskova et al. 1993b, Noskova et al. 1994, Kuznetsov et al. 1996, Noskova et al. 1996a). This process
applies to Fe5Co70Si15B10 (Noskova et al. 1995, Glazer et al. 1993). Figure 8.2 shows electron micrographs
taken after crystallization from the amorphous state upon in situ heating of the Fe73.5Cu1Nb3Si13.5B9 alloy
without deformation and after deformation (Noskova et al. 1996b and Noskova et al. 1997b). Data on the
phase composition of the alloys tested by TEM and HREM in various regimes and properties are presented
in Table 8.1 (Noskova et al. 1992, Noskova et al. 1993b, Noskova et al. 1995, Noskova et al. 1997c, and
Noskova 1997).
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Fig. 8.1. The various ways of transformation from amorphous state to nanophase state of Fe- and
Pd-based alloys: a-f are Fe73.5Cu1Nb3Si13.5B9 [1-3] and g, i, k are Pd81Cu7Si12 [4-6].
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Fig. 8.2. Electron micrographs taken after crystallization from amorphous state during in situ heating of the
Fe73.5Cu1Nb3Si13.5B9 alloy without deformation and after deformation (a) and a schematic of the
crystallization alloy without deformation and after deformation (b).
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Table 8.1
The Structure and Properties of Nanocrystalline Polyphase Alloys
Conditions
produced
T (K), t (h)

Conditions of tests
T(K)

σ

Structure and properties
ε, c

-1

σs (MPa)

σB (MPa)

δ (%)

D (nm)

Phase

(MPa)
Fe75.5Cu1Nb3Si13.5B9 — uniaxial tension
rapid quench

300

-

7 10-5

2000

2105

1.8

-

amorphous

623—1.0

"

-

"

258

258

0.2

4

α-(Fe-13%Si)

723—1.0

"

-

"

280

287

0.3

10

α-(Fe-13%Si)

12-8

(FeNb)2B,

813—0.5

923—0.003

"

"

-

-

"

"

530

548

80

84

-

FeNbB

10

α-(Fe-13%Si)

10

(FeNb)2B,

-

FeNbB

6

α-(Fe-18%Si)

5

(FeNb)2B,

-

Fe3Si, FeNbB

0.0

-

amorphous

0.3

50-200

α-Co, β-Co

90-200

Co2Si,

-

Co2B, CoB

15-50

α-Fe, α-Co,

0.8

0.7

Fe5Co70Si15B10— uniaxial tension
rapid quench

300

-

7 10-5

873—1.0

"

-

"

923—0.003

"

-

"

1880
945

1880

950

2100

1.0

15-50

β-Co, Fe3Si

50

Co2Si (FeCo)2B

Pd77.5Cu6Si16.5— uniaxial tension
rapid quench

300

-

7 10-5

820

0.0

-

amorphous

572—1.0

300

-

"

710

0.0

4

Pd

rapid quench

573

-

"

550

4.3

4

Pd, Pd5Si

310

573—1.0

573

-

"

350

640

1.6

4

"

rapid quench

773

-

"

140

160

1.6

6

"

573—1.0

773

-

"

60

140

1.0

6

Pd, Pd5Si,
Pd9Si2

Crystallization of the Amorphous Alloys under Creep Conditions
The Pd81Cu7Si12 alloy selected for the present study has a crystallization temperature of 733 K. This was
determined using the variation of the electric resistivity during heating at a rate of 20 K/min. The
crystallization temperature for the amorphous alloy Pd77.5Cu6Si16.5 was found with the calorimetric technique,
which revealed the existence of two crystallization temperatures, 685 K and 720 K. To begin, we recorded
the temperature dependence of the yield strength for the amorphous alloy Pd 81Cu7Si12 under conditions of
uniaxial active tension at a rate of 1.6 x 10-3 s-1. This was found to be 1870 MPa, 1250 MPa, and 870 MPa at
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the test temperatures of 293 K, 373 K, and 573 K, respectively. The percentage elongation in the tests varied
from 0.1 to 4.3%. The yield strength at room temperature of the amorphous alloy annealed at 523 K for 30
minutes decreased to 45 MPa and the percentage elongation decreased to zero. The above data were used to
choose, for the creep tests, a temperature range of 573-823 K and a variation in stress between 39 and 0.7
MPa. The tests were conducted in air. The stresses in the creep tests can be seen to be much lower than the
yield strength of the amorphous alloy in the tensile tests at T = 573 K and that of the crystallized alloy in the
tensile tests at T = 293 K. The structural changes in the alloy under the creep conditions were studied by
transmission electron microscopy.
Figure 8.3 displays micrographs showing the structure of the alloy after annealing (as described in Noskova
et al. 1993) for 10 seconds at 823 K (Fig. 8.3a), after the creep tests at a temperature below the
crystallization temperature for the alloy (Fig. 8.3b), and after the creep test at a temperature above the
crystallization temperature of the alloy (Figures 8.3c and 8.3d). Studies by Noskova and others (Noskova et
al. 1994, Kuznetsov et al. 1996, and Noskova et al. 1996a) show the histograms of grain (phase particle) size
vs. the number of grains (number of phase particles) N. These histograms present statistical results obtained
from the micrographs by counting the number of fine, medium, and coarse crystal grains in the specimens
subjected to various creep conditions and after the crystallization annealing.

Fig. 8.3. Electron micrographs and electron microdiffraction patterns of the Pd 81Cu7Si12 alloy after the
following treatments: (a) annealing at 823 K for 10 s; (b) creep at 673 K; (c) creep at 773 K, test
time = 20 min.; (d) creep at 773 K, test time = 1 h.

According to the data in Figure 8.3 and in Noskova et al. (1994), Kuznetsov et al. (1996), and Noskova et al.
(1996a), the size of the grains produced in the Pd-Cu-Si alloy under creep conditions (above the
crystallization temperature) differ significantly from the size of the grains in the alloy crystallized from the
amorphous state under conditions of conventional annealing. In addition, the alloy undergoes incomplete
crystallization during creep at a temperature of 728 K, and under such conditions the alloy has the structure
of an amorphous matrix containing particles of Pd and the crystalline phase of the (Pd-Cu) γ-solid solution
(Fig. 8.3b). Conventional annealing at 723 K for 10 seconds causes complete crystallization of the alloy; the
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mean grain size in this case is about 30 nm (Noskova et al. 1994, Kuznetsov et al. 1996, and Noskova et al.
1996a). During creep at a temperature of 773 K and a stress of 2.1 MPa, a short-term loading (20 min) of
the specimens produces nanocrystalline grains in the alloy (mean grain size 10 nm) that give rise to
diffraction rings (Fig. 8.3c) consisting of numerous reflections in the microdiffraction pattern (with a selector
diaphragm of 0.25 µm). As in the case of the annealing producing the nanocrystalline state of the alloy,
annealing of the alloy at 823 K for 10 seconds gives rise to crystal grains with a mean size of about 40 nm
(Fig. 8.3a). The grain size increases when the time of the creep test at 773 K is increased to 1 hr (Fig. 8.3d).
The resulting grain size depends on the stress applied. For instance, when the stress was decreased from 2.1
to 1.5 MPa, differences in grain sizes developed: some grains were as small as 4 nm and some were as large
as 40 nm. The decrease of the stress in the creep tests from 1.5 to 0.7 MPa produced an increase in the grain
size as a whole, but the differences in the grain size were preserved (Table 8.2). In addition to the grain size
and phase-particle size, the data in the table include the plastic, physical, and strength-related properties of
the crystalline alloys produced in the experiments. It can be seen from these data that the alloy exhibits the
highest plasticity when creep occurs at temperatures of 673 and 728 K and at relatively high stresses (39 and
3.9 MPa, respectively).
In these tests, the time before the specimen failed did not exceed 1 or 2 min, and the alloy had a mixed
amorphous-crystalline structure. After the creep tests under such conditions, the microhardness of the alloy
was 5.3 GPa and the resistivity was 82 µΩ cm. The alloys after crystallization under creep conditions
virtually always prove to be sufficiently long-lived and have a fairly high plasticity. For these alloys, Table
8.2 gives the strains after the tests rather than at failure. The crystallized specimens never failed in the tests.
It should be noted that the alloy specimen with the 10 nm grain size proved to have both high plasticity and
sufficiently high strength. After being subjected to the stress of 2.1 MPa at 773 K for 1 hr, not only did the
specimen not fail but even its deformation did not increase. It can be supposed that it was easy to deform
this specimen until the grain size increased to about 40 nm. The microhardness of this specimen was 7.3
GPa, whereas the resistivity decreased. Apparently, the plasticity of the Pd-Cu-Si alloy depends on the
structural, temperature, and loading conditions. For instance, the plasticity of this alloy is high if the alloy
has an amorphous crystalline structure and if the grain size does not exceed 10 nm and, possibly, this is why
the alloy exhibits high creep rates. When the test time is increased (>1 hr), the alloy deformation increases
with increasing grain size but the increase does not seem to be very significant.
Effect of Ultrasonic Waves on the Structure of the Nanophase Alloys
The structure of the nanocrystalline Cu before and after focused ultrasonic wave (UW) treatment is shown in
Figures 8.4a and 8.4b. The electron microscope photographs were taken from different parts of the same
specimen after irradiation (Noskova et al. 1997c, Noskova et al. 1993a, Klychin et al. 1991, and Noskova et
al. 1997a). By investigating the regions in which the focus of the UW beam was situated, we were able to
obtain the parameters of the dislocation structure of the ultrasonically irradiated materials (see Fig. 8.4b).
The structural parameters of the unirradiated material were obtained from the electron microscopic
photographs of regions that were a long way from the focus (Fig. 8.4a). Exposure to a UW beam focused on
the surface of the deformation disk did not produce any particular rearrangement of the dislocation structure
of the copper, although the cell boundaries did “break up” (see Fig. 8.4b). Electron diffraction from this
region indicates a reduction in misorientation of the substructural formations, suggesting that relaxation
processes have taken place. In the copper, it appears that the randomly distributed dislocations are partially
annihilated and new boundaries formed for the structural elements under the effect of a UW beam. The
microhardness of nanocrystalline Cu before and after UW treatment varied from 0.95 GPa to 0.55 GPa.
Note that no marked changes in the structure of the nanocrystalline FeCuNbSiB alloy occur after the
ultrasonic treatment (Noskova et al. 1997c). Within the accuracy of measurements, its microhardness
measured before and after the ultrasonic treatment was found to be between 12.2 and 12.3 GPa.
Ultradispersed (3-5 nm in size) phases arising from UW treatment do affect Hc of the metallic glass.
Coercivity of metallic glasses after ultrasonic treatment varied from 0.4 Am-1 to 0.6 Am-1 in Fe5Co70Si15B10
and from 13.5 Am-1 to 6.8 Am-1 in Fe81Si7B12 (Noskova et al. 1993a).
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Table 8.2
Properties of Pd81Cu7Si12 and Pd77.5Cu6Si16.5 After Crystallization under Creep Conditions
CREEP CONDITIONS
T (K)

σ (MPa)

t (h)

STRUCTURE AND PROPERTIES

ε (mm/min)

d (nm)

Phase

δ (%)

H (GPa)

ρ
(µΩcm)

Pd81Cu7Si12
623

39

1.00

0.01

-

amorphous

80

3.4

-

673

39

0.03

12.00

-

amorphous,

69

4.5

-

2

Pd, γ -(Pd-Cu)

-

amorphous

53

5.3

82

2

Pd, γ -(Pd-Cu)

10

Pd, γ -(Pd-Cu),

>15

8.8

-

50

7.4

-

15*

7.3

50

>10

7.4

-

>1*

3.5

39

10*

6.4

-

1.5

6.4

-

80

-

-

728

773

3.9

2.1

0.015

0.30

20.00

0.40

Pd5Si, Pd9Si12
773

2.5

0.30

1.00

10

Pd, ,γ -(Pd-Cu),
Pd5Si, Pd9Si12

773

2.1

1.00

0.10

40

Pd, ,γ -(Pd-Cu),
Pd5Si, Pd9Si12

773

1.5

1.00

0.06

4;40

Pd, ,γ -(Pd-Cu),
Pd5Si, Pd9Si12

773

0.7

1.00

0.01

5;50

Pd, ,γ -(Pd-Cu),
Pd5Si, Pd9Si12

823

2.1

0.15

0.30

30

Pd, ,γ -(Pd-Cu),
Pd5Si, Pd9Si12

823

-

0.003

-

25

Pd, ,γ -(Pd-Cu),
Pd5Si, Pd9Si12

Pd77.5Cu6Si16.5
573

39

1.00

0.01

-

amorphous,

2

Pd

773

2.5

0.30

1.00

10

Pd, Pd5Si

50

-

-

773

1.5

1.00

0.06

6

Pd, Pd5Si

>10

-

-

Pd9Si12

Fig. 8.4. The structure of the nanocrystalline Cu before (a) and after (b) UW treatment.
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Conclusion
The investigation of the structure and phase composition of the nanocrystalline multiphase
Fe73.5Cu1Nb3Si13.5B9 and Fe5Co70Si15B10 alloys has shown that the alloys crystallized from the amorphous state
at 773-933 K for certain holding times have a nanophase structure.
The crystallized alloy PdCuSi may exhibit a sufficiently high plasticity under creep conditions if it has an
amorphous-crystalline structure or if the grain size does not exceed 10 nm.
The experimental results show conclusively that a focused UW beam does, in fact, have a local effect on the
structure of the deformation disk when it is in a highly stressed state.
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Abstract
Nucleation of unusual shear bands inside shock-loaded copper, Cr-Ni-Mo steel, and Cu-MN alloy has been
investigated. The formations revealed are plane disks of a round shape, the dimensions of which range
within 5-2000 µm in diameter and 1-5 µm thick. On a grain structure background, they look like small round
mirrors and lie in the planes perpendicular to the free surface of the plane target. Their nanocrystalline
internal structure results from the dynamic recrystallization of the metals during the shock wave passage.
The conditions for dynamic recrystallization are estimated to be provided by a unique combination of high
local values of strain (>2.9), strain rate (107s-1), and temperature (0.5 Th). Where satisfied, these conditions
appear to be sufficient for a local superplasticity of material initiated in the shear bands. Owing to the
superplasticity, the material inside the shear band has time to be constrained by surface tension into a round
disk, an ideal shape that permits minimum entropy.
Introduction
Sufficient experimental and theoretical evidence exists to show that shear bands in shock loaded solids are
related to the local overheating and softening of materials due to an intensive short-time loading and /or low
thermal conductivity (Swegle et al. 1985).
Under certain strain and temperature conditions, this overheating can be accompanied by local structural
rearrangements, one effective mechanism of which is dynamic recrystallization. Besides a sufficiently high
value of strain rate (> 107 s-1), the necessary conditions for dynamic recrystallization include a high value of
plastic deformation (>2.9) and a temperature of the order of 0.4 Th (Th is the homologous temperature)
(Meyers et al. 1990).
In this paper, dynamically initiated recrystallization accompanied by a temporary loss of crystal stability and
by a local superplasticity is considered in detail. Under moderate shock loading, the nucleation of unusual
regions of shear localization has been revealed. All the formations are round disks ranging from tens to
hundreds of microns in diameter and between 1-5 µm thick. Careful examination of the interior of these
disks by TEM and X-ray analysis revealed a unique nanostructure in these regions, while the rest of the
matrix had a typical grain structure.
Conditions for Round Shear Band Formation
Round plane surfaces of shear localization have been revealed in specimens after shock loading in the
following way: Specimens are cut in an arbitrary plane along the wave propagation direction. After
polishing and etching, the non-etched mirror spots stand out against the background of the grain structure. It
should be emphasized that no similar formations were found in the analogous sections of nondeformed
materials. Furthermore, when target cuts are made along the planes parallel to the free surface target, no
regions of shear localization are found even in deformed materials. The disk’s ideal round form is similar to
an oil spot on a water surface. This shape results from surface tension, which tends to decrease the free
energy of the system. The similar form of the disks undoubtedly has a thermodynamic origin. They may be
formed only when the surface tension is greater than the ductile resistance of the material inside the shear
bands. Although only the spheroid is known to provide a minimum of free energy for the free liquid, this
form cannot be realized herein since the shear banding in solids is an exclusively two-dimensional process.
In this situation, the next geometrical form providing a minimum of free energy is the round plane.
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Round shear band (RSB) formation is a result of the interaction of compressive waves reflected off the free
surfaces of the impactor and the target. The position of the shear region in a longitudinal section of the target
can be determined by considering a phase x-t diagram where the wave propagation and interaction processes
can be represented in the form of characteristics. As an example, consider the characteristic pattern where a
compressed region 800 µm in size nucleates patterns a distance of 4.1 mm from the free surface of the target
after a collision between a 1 mm steel impactor and a 5 mm copper target. In Fig. 9.1, the compressed region
is restricted by polygon PQRS. According to the diagram, at the instant of collision (x = 0, t = 0), elastic and
plastic waves begin to move toward the free surfaces of the target and the impactor simultaneously. During
the first reflection from the free surfaces of the impactor and the target, compressive waves transform into
release waves whose interaction is known to result in spallation. The region of possible spallation is
indicated by dash-lines AA’ and BB’. During the second reflection, the release waves transform backward
into compressive waves whose interactions just result in the appearance of the local compressive region.
This region is restricted by a set of characteristics corresponding to real elastic-plastic waves. For example,
the local region indicated in Fig. 9.1 is formed by interactions of compressive waves propagating with
velocities between 3.9 x 105 cm/s and 4.8 x 105 cm/s. In the x-t diagram, this region is indicated by shading.
The intersection of these regions forms the compressive zone restricted by figure PQRS. The compressive
state for this region is limited by the interval of ∆t = QS = 150 ns. An analogous pattern for the interaction of
compressive waves can be drawn for any RSB.

Fig. 9.1. Phase x-t diagram.

Dynamic compression inside the PQRS-region is a necessary but not a sufficient condition for nucleating the
RSB. The second condition is a local longitudinal shear initiated by the particle velocity distribution in the
shock loaded material. That distribution results in a shearing of microvolumes relative to each other. For the
nature of shock-induced shear banding to be clarified, the stress state of nonuniform material subjected to
uniaxial strain must be considered.
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Stress State Analysis
During the high velocity collision of plane disks, the so-called “state of uniaxial strain” is obtained for a few
microseconds until the lateral rarefaction waves from the edges of the target arrive to complicate the strain
pattern. The only non-zero component of total deformation Σxx coincides with the wave propagation
direction. The off-diagonal components of the stress tensor σij vanish, and the diagonal components σxx, σyy,
and σzz are non-zero.
As a rule, the only measured dynamic variable during uniaxial straining is the mean stress component
coinciding with the wave propagation direction. This value can be expressed in terms of hydrostatic pressure
p and mean shear stressτ as follows:
σxx = p + ¾ τ

(1)

Here the shear stress τ as well as the normal stress σxx are the volume averaged values that are linked with
appropriate mean particle velocities by the equations:
σxx (t) = ρC1 Ux (t)

(2)

τ (t) = ρCΣh UΣh (t)

(3)

where C1 is the longitudinal sound velocity and CΣh is the shear wave velocity.
The normal component of the average particle velocityUx(t) is commonly measured by means of velocity
gauges. As for the mean shear componentUΣh(t), special shock experiments providing oblique plate
collisions must be carried out (Abou-Sayed 1975). On the other hand, for steady shock waves, the mean
shear stress proves to be equal to a maximum difference between the stress value on the Rayleigh line and the
value on the hydrostatic compression curve (Swegle et al. 1985). For concave σ ÷ Σ diagrams, the mean
shear stress does not usually exceed 1/20 of the normal stress. For example, in a 6061-T6-aluminum alloy, a
maximum shear stress of 0.5 GPa corresponds to a normal stress of 10 GPa (Grady et al. 1987).
Knowledge of the average stress state enables one to describe only the uniform strain, which is commonly
done in continuum mechanics. In reality, however, dynamic deformation is not uniform. Under certain
threshold strain and/or strain rate conditions, an intensive heterogenization of plastic flow occurs. Basic
reasons for that are both the metallurgical nonuniformity of the material and the dynamic strain localization
due to the non-linearity of the deformation process itself. It implies that instead of a uniform dynamic
deformation with a mean particle velocityUρ(t), heterogeneity can occur on several structure levels. In
general, this kind of nonuniform dynamic straining may be characterized by some distribution function f
(r,v, t) in velocity (or strain-rate) space. A similar function characterizes the kinetics of the inner structure
in dynamically deformed solids. However, its experimental determination is not yet possible in reality.
From the standpoint of practical applications, however, the more admissible characteristics of structure
kinetics seem to be the statistical moments of distribution functions (see Fig. 9.2). The first statistical
moment is the average particle velocityUρ(t), and the second is the particle velocity distribution width
∆Uρ(t) (or the square root of the particle velocity dispersion). As distinct from the average particle velocity,
∆Uρ(t), which is a macroscopic dynamic variable of the deformation process, the particle velocity
distribution width (DW) describes the kinetics of the microstructure. When applied to uniaxial strain
conditions, it characterizes, statistically, the relative local velocities of microvolumes. Local shear stresses in
the wave propagation direction τ1(t) and in the particle velocity distribution width ∆Uρ(t) are linked by the
equation:
τ1(t) = ρCρ ∆Uρ(t)

(4)

Thus, with regard for the heterogeneity of dynamic deformation, the uniaxial strain state of the material can
be characterized by the mean normal stress σxx(t), mean shear stressτ(t) parallel to the planes of maximum
resolved stress, and the local shear stress τ1(t) in the wave direction. In uniaxial strain experiments during a
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single shock loading, the mean normal particle velocity ∆Uρ(t) and the particle velocity distribution width
∆Uρ(t) can be determined simultaneously.

Fig. 9.2. Distribution function.

Then, by using Grady et al. (1987) and Swegle et al. (1985), the mean normal and the local shear stresses can
be determined as well. Take as an example that the mean particle velocity and the particle velocity
distribution width are equal to 146 m/s and 31 m/s, respectively. Normal stress σx counted from Grady
(1987) is approximately equal to 6 GPa. This corresponds to the mean shear stress value of 0.3 GPa (1/20 of
normal stress). However, local shear stress can be calculated to be 1.22 GPa, which is four times greater than
the average shear stress.
Thus, shock loading provides, for short periods of time, conditions for a unique combination of high
hydrostatic pressure and longitudinal shear stress. This combination is known to result in a structurally
unstable state of the material (Zhorin et al. 1981).
Microstructure Investigations
The microstructure of round shear bands and the adjacent regions were explored using optical, SEM, and
TEM techniques and a local X-ray analysis. All the results presented have been carried out in a “Camscan”
scanning microscope with “Link-860” equipment for X-ray analysis and an “EM-400T” transmission
electron microscope.
Ductile 2Cr-2Ni-Mo-V steel and MO copper were chosen for the microstructure investigation of the inner
structure of the shear bands. TEM-objects for the analysis of the fine structure of the shear regions were
prepared as follows: from the metallographic sections containing RSB, half-finished products in the form of
disks 3 mm in diameter and 0.5 mm thick were cut in such a way that the center of the RSB was situated
approximately in the center of the half-finished product. The latter was made thinner from the side opposite
the one containing the RSB. This operation was carried out in two stages: first by machining it down to a
thickness of 0.15 mm and then by using an electrolytic method to obtain the thin foils transparent for
electrons. To reveal the possible artifacts introduced during the foil preparation, one controlled experiment
was carried out with initially nondeformed material. It was directed toward studying the fine structure of
MO copper foils prepared by the one-side polishing technique described above.
Scanning Microscopy
In Fig. 9.3, the micrographs of typical round shear bands in MO copper and 2Cr-2Ni-Mo-V steel obtained by
scanning microscopy is presented. RSB regions look like mirror non-etched plane circular areas. The
thickness of those regions was determined by two techniques: by measuring the height of steps appearing on
the circle boundaries after intensive etching, and by measuring the cross-section of RSB. The first technique
results in an RSB thickness of 1-5 µm. SEM investigation of the cross-sections reveals that under each RSB
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there exists a region 250 µm thick in which the etching did not reveal initial grain structure. The main feature
of this region is the presence of many bands parallel to the section plane. Their thickness is approximately
equal to 1-2 µm and the widest of them (3-5 µm) is the evident cross-section of the shear band of interest.

Fig. 9.3. SEM micrographs of copper (a) and steel (b).
No difference in the chemical composition of the RSB and the adjacent regions was found by methods of
local X-ray analysis. SEM-investigations of RSB in the “Camscan” microscope with a “Link” X-ray
spectrometer and a “Geigerflex-D-max C” diffractometer show that the composition of RSB practically does
not differ from the rest of the matrix.
TEM-Investigations
2Cr-2N1-Mo-V steel. In the initial nondeformed state, this steel has a structure of low-tempered martensite
with colony sizes within 1-5 µm and lath size on the order of 0.1-0.2 µm. In the inner volume of the lath, a
uniformly spread dislocation and needle precipitations of the carbide phase of 0.05-0.2 µm in diameter are
clearly seen as well. The fine structure of RBS, which appears in optical metallography mirror non-etching
circles, differs from the initial structure very much. The RSB structure is a totality of ultrafine fragments, the
mean dimensions of which are equal to L = 72 nm and d = 47 nm. The inner volume of the fragments is
practically free from dislocations. The carbide phase is found neither in the volume of fragments nor on their
boundaries. It should be noted that the fine structure of RSB has a morphology identical to that inside the
adiabatic shear bands which are formed in steels of the ferrite-pearlite class during a high-rate strain, for
example in explosive welding.
MO copper. Its initial structure in a nondeformed state contains equal-axis grains with a practically perfect
interior. Dynamic loading of MO-copper specimens results in the nucleation of the RSB regions, the fine
structure of which is oblong-shaped fragments with mean dimensions of L = 130 nm and d = 97 nm (see Fig.
9.4a). The inner structure of the fragments appears to be without defect while outside the RSB region there is
a weak-disoriented cellular dislocation structure with twins in {111} planes.
Microdiffraction patterns from an area of 1 µm2 of RSB are entirely round (see Fig. 9.4b), which testifies that
fragments are separated by large-angle boundaries whose orientation vectors are spread chaotically. As a
whole, the structure described is similar to that in 2Cr-2Ni-Mo-V steel. The only distinctive feature of MOcopper is a nucleation, over the background of the fine RSB-structure, of the separate fragments of somewhat
larger dimension on the order of 0.25-0.4 µm, of equal-axis form.
In the MO-copper specimen loaded under an impact velocity of 183 m/s, round shear bands were also found
to be of interest. After annealing at 5000C for one hour in vacuum conditions, the dimensions of previous
nanocrystalline fragments increased up to approximately 1-2 µm while outside the RSB regions, the grain
size of' the matrix is not changed (280 µm).
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Fig. 9.4. (a) Fine structure of RSB in copper and (b) electron diffraction pattern of RSB in copper from
square ≅ 1µ2.
Conditions for Recrystallization
The local strain rate during the shearing process is equal to γ = ∆Uρ/a where a is the thickness of the shear
band. As previously stated, optical measurements show that a = 5 µm. This value needed, however, also
includes the region surrounding a, following thermal relaxation, and is therefore greater than the actual shear
zone during the passage of the shock wave. To estimate the actual value of a, one can use the expression
obtained from Swegle et al. (1985) for the adiabatic shear band thickness, that includes the effect of thermal
diffusivity. This will result in a value of a = 9 µm. The total shear strain is given by the local strain rate
times the time during which the shearing is taking place. This latter parameter is determined from the timeresolved profile of ∆Uρ, and is found to be ~60 ns. Therefore, the total shear strain would be 1.8, a value too
small to satisfy the recrystallization conditions of Meyers (1990). However, if one uses the particle velocities
at the high end of the Gaussian distribution of velocities, one can obtain a local total shear strain of γ = 3,
which is sufficient for recrystallization.
Finally, the temperature rise may be estimated by taking into account that 0.9 of the total plastic work in the
shear band converts into heat. The analysis carried out above allows us to deduce that shear localization
provides a high value for shear strain, γ = 3, a strain rate of the order of 3 x 107 /s, and an associated
temperature rise (although insufficient for melting.
For example, the temperature required for
recrystallizaation of steel is 721 K. These values of strain, strain rate, and temperature rise are sufficient for
dynamic recrystallization of material. This implies that one may expect an intensive recrystallization process
in the shear bands, as has actually been observed in our experiments. It is, on the one hand, an interesting
deformation process, reminiscent of the well known adiabatic band formation. On the other hand, the
difference from this process is in the unusual round form of the shear bands. This forms as a consequence of
the surface tension exceeding the ductile friction. Although the mechanism of the structure formation
proposed here still requires further exploration, the known mechanical and physical facts fit this
interpretation reasonably well.
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For the prediction of the mechanical properties of nanostructured materials (nanocrystals, nanocomposites,
nanoscaled films), the behavior of the various defects (dislocations, disclinations, grain boundaries, etc.)
plays an important role. To analyze the behavior of defects, it is often necessary to find their elastic fields
and energies of these defects.
In nanostructured materials, the elastic properties of defects are strongly modified by the interaction with
interfaces. The results of calculating elastic fields for conventional dislocations and disclinations, and
Somigliana dislocations in small particles, nanograined materials, and nanoscaled heterophase films are
reported here.
On the basis of these results, the stability of defects in nanostructured materials is discussed, and the
existence of various critical scales connected with defect strain energy relaxation is predicted. Special
attention is paid to the generation of pentagonal symmetry in small particles (which is explained in terms of
disclinations) and to the relaxation of misfit strains in thin films (which is connected with the nucleation and
motion of misfit dislocations). The other mechanism of strain energy relief in nanoscale film is associated
with multiple twinning and is peculiar, for example, to domain formation in ferroelastic and ferroelectric
epitaxial films. In this case, analysis of defect properties explains the development of domain patterns with
film thickness.
The continuum description of defects in nanoscaled materials is demonstrated to be useful in estimates of
stored energy and volume change in nanocrystals, in the analysis of the structural stability of nanomaterials,
in the explanation of the yield stress anomalies in the region of nanoscales, etc.
Editor’s note: The following outline and figures were used as viewgraphs during Professor Romanov’s
presentation.
Introduction: The Role of the Theory of Defects in Materials Science and Solid State Physics
•

the theory of defects is a natural language for the description of structure-sensitive properties of solids

•

the theory of defects is a bridge connecting materials science with solid state physics
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History of the Development of the Theory of Defects in the Soviet Union and Russia (see Table
10.1)
Table 10.1
History of the Theory of Defects
Name

Frenkel

Years

1930s

Results

A model for one-dimensional dislocations
A model for point defect formation

Indenbom

1950s

Theory of dislocation-induced internal stresses

1960s

Various applications of the theory of defects

Orlov

1950s

Applications of defect theory to the problems of the physics of
strength and plasticity;

1960s

Defect kinetics

1960s

Theory of segregation and coalescence in the ensemble of point
defects

Slezov
Kosevich

1960s

Mechanics of defects in crystals

Predvoditelev

1970s

Computer modeling of defects

Krivoglaz

1970s

Theory of X-ray diffraction in crystals with defects

Lyubov

1970s

Diffusion and point defects

Orlov

1970s

Theory of radiation-induced defects

Vladimirov

1980s

Cooperative effects in defect ensembles, disclinations

Rybin

1980s

Grain boundaries, disclinations

Likhachev

1980s

Defects in amorphous structures

Ovid’ko

1980s

Defects in glasses, quasicrystals, liquid crystals

1990s

Quasiperiodic grain boundaries, nanocrystals

Romanov

1980s

Theory of disclinations in solids, defect kinetics

1990s

Defects in small particles, thin films and nanocrystals

Gryaznov

1980s

Pentagonal symmetry in small particles

1990s

Stability of defects in nanocrystals

Defects in Small Particles and Nanostructured Materials
•

size effects and characteristic scales in defect structure of solids

•

modeling of grain and phase boundaries in crystalline materials

•

stability of dislocations and disclinations in small particles and nanocrystals

•

misfit and threading dislocations in growing thin films
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Figure 10.1 indicates the various scale lengths of defects and material structures.

Fig. 10.1. Defects and scale levels.
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The energy balance of defects within materials, and hence their ultimate stability, will vary according to the
nature of the interfaces. Figure 10.2 gives a schematic representation of coherent, semicoherent and
incoherent interfaces.

Fig. 10.2. Structure of interfaces (schematic): (a) coherent, (b) semicoherent, (c) incoherent. From
G.Gutekunst, J. Mayer, and M. Ruhle, 1997, Philosophical Magazine A, Vol. 75, No. 5,
1329-1355.
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Figure 10.3 gives the conditions for establishing the stability of a location and the critical size of a
nanocrystallite, L.

Fig. 10.3. Dislocation stability in nanocrystallites.
Condition for Dislocation Stability:
Fimage ≤ bσp
Parameters of the Problem:
σp

— Peierls stress

G (m) = ∑ i =1 ∫ G (m) — Effective elastic modulus of matrix
N

i

Ve

— Volume of dislocation stability in a nanocrystallite

Λ

— Critical size of a nanocrystallite

Estimation for the Critical Size:
Λ ≅ Gb/σp ≅ 10 – 102 nm
More Precise Results for Γ ≅ 1:
Λ ≅ [ϑ0 + ϑ1(Γ - 1)]Gb/σp
ϑ0 = 0; ϑ1 ≅ 0.1sgn (Γ - 1) for sphere with coherent boundary
ϑ0 ≅ 0.04; ϑ1 ≅ -0.05 for the cylinder with slipping interface
Table 10.2 lists some of the critical parameters for various metallic materials.
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Table 10.2
Dislocation Stability in Various Nanocrystallites
Cu

Al

Ni

∝-Fe

33

28

95

85

b (nm)

0.256

0.286

0.249

0.248

σp (10 GPa)

1.67

6.56

8.7

45.5

Λ (nm), sphere

38

18

16

3

Λ (nm), cylinder

24

11

10

2

G (GPa)
-2

Figure 10.4 gives a hierarchy of stability scales for defects in nanocrystallites.

Fig. 10.4. Hierarchy of stability scales for defects in nanocrystallites.
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Figure 10.5 is a high resolution micrograph of a decahedral small particle of Pd.

Fig. 10.5. Structure of small particles. High-resolution micrograph of a
decahedral small particle of Pd. There is a splitting of the pentagonal
axis (Renou & Penisson).
Possible Directions for Future Developments and Applications of the Theory of Defects for
Nanostructured Materials
Analysis of defect interactions at the nanometer scale (computer and analytical modeling)
Investigations of the influence of defects on physical and mechanical properties of nanostructured materials
Predictions of structure-property relationships for nanostructured materials including the results of the
modeling in the chain: processingcharacterizationapplications
The following are particular problems associated with nanostructured materials:
•

theory of defect interactions with triple lines in nanocrystals

•

clarification of deformation and fracture mechanisms in nanocrystals

•

development and stability of defect structure in functional materials of modern nano- and
microelectronics

•

behavior of defects in fullerenes and other atomic clusters
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11. STRUCTURE AND MECHANICAL PROPERTIES OF NANOSTRUCTURED METALS
PREPARED BY SEVERE PLASTIC DEFORMATION
Ruslan Z. Valiev
Institute of Physics of Advanced Materials
Ufa State Aviation Technical University
12 K. Marks Str.
Ufa, 450000, Russia
fax: 347 223-3422 or 347 222 2918
e-mail: valiev@ippm.rb.ru

Ultrafine-grained (UFG) nanostructured materials having grain sizes of tens and hundreds of nanometers
recently have aroused interest among researchers in the materials science field. With respect to their
mechanical properties, one would hope to be able to obtain the extremely strong states that can be expected
in the case of strong grain refinement according to the Hall-Petch relationship (Gleiter 1989, Weertman
1993). UFG materials can also acquire superplasticity at relatively low temperatures and/or high strain rates
by reducing the grain size of the materials to the nanometer range (Valiev 1997a). All this explains the
interest in the mechanical properties processed in bulk samples having ultrafine-grain sizes.
It has been demonstrated that bulk nanocrystalline materials may be prepared using a gas condensation
method with subsequent consolidation in an inert gas environment. They may also be prepared using
mechanical alloying followed by compaction. Nevertheless, problems associated with these techniques still
exist, including the retention of some residual porosity and the difficulty of fabricating large samples with
UFG structure for subsequent mechanical testing.
These problems can be overcome by producing an ultrafine grain size in coarse-grained materials through the
procedure of severe plastic deformation, i.e., a very high plastic strain performed at relatively low
temperatures (usually less than 0.3-0.4 Tm) under high imposed pressure (Fig. 11.1) (Valiev 1993, Valiev
1996). This procedure has been successfully used to refine the structure until it reaches a mean grain size of
29 nm as well for consolidation of nanocrystalline powders in different metals and intermetallics (Valiev
1996).

Fig. 11.1. True stress-strain curves of tensile tests for nanocrystalline Ni3Al, Cr doped B (d = 70 nm).
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This talk focuses on the fabrication of several pure metals and alloys with nano- and submicrometer grain
sizes by severe plastic deformation techniques, the results of their structural characterization, and the data on
their enhanced mechanical properties at ambient temperature and superplastic conditions. Special attention is
paid to the relationship between the defect structures of grain boundaries and the mechanical behavior of the
ultrafine-grained materials produced.
Several examples of such promising properties as high strength, elevated fatigue life, superplasticity at low
temperatures, and high strain rates revealed in processed nanostructured materials are considered and
discussed (see Figures 11.2 and 11.3).

Fig. 11.2a. Principle of equal-channel
angular pressing.

Fig. 11.2b. Principle of torsion straining.

Analysis of True Strains:
a)

Equal-channel angular pressing

ε=

N ⋅2
3 ⋅ ctgφ

N = number of cycles

b) Torsion straining

ε=

2π ⋅ n ⋅ r
d

n = number of turns
r = radius of specimen
d = thickness of specimen
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Fig. 11.3a. High strain rate superplasticity in Al alloys, subjected to equal-channel angular pressingAlMg-Li-Zr.

Fig. 11.3b. High strain rate superplasticity in Al alloys subjected to equal-channel angular pressingAl6%Cu—0.5%Zr.
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12. STRUCTURE AND MAGNETIC PROPERTIES OF RFe2HX NANOHYDRIDES OBTAINED BY
HYDROGEN-INDUCED AMORPHIZATION
A.Ye. Yermakov, N.K. Zajkov, N.V. Mushnikov, V.S. Gaviko, V.V. Serikov, N.M. Kleinerman
Institute for Metal Physics
Ural Branch of the Russia Academy of Sciences
18 S.Kovalevskaya Str., GSP-170
Ekaterinburg, 620219, Russia
e-mail: yermakov@hotmail.com or
strictor@ifm.e-burg.su
Amorphous hydrides obtained by alloy treatment in hydrogen under special conditions (hydrogen-induced
amorphization) belong to a new and scarcely studied class. Amorphous hydrides, based upon RFe2 (R is a
rare earth element), which have a MgCu2-type crystal structure and consist of two-sublattice ferrimagnets,
have been synthesized (Table 12.1) and are discussed in this presentation.
Table 12.1
Hydrogen-induced Amorphization Regimes of Obtained RFe2Hx Hydrides
Compound

T, °C

P, MPa

t, hours

am-YFe2H3.6

200

1.1

4

Am-GdFe2H3.4

240

1.1

6

am-TbFe2H2.5

330

0.2

1

Am-DyFe2H3.6

250

1.6

6

Am-HoFe2H4.1

250

1.35

5

am-ErFe2H4.1

240

1.3

7

The RFe2 compounds under hydrogen treatment had a few exothermic peaks corresponding to structural
exchange (Fig. 12.1). Thermally activated deterioration of the long-range crystallographic order and
variation of the amorphous matrix parameters (width and position of the amorphous diffraction halo, Fig.
12.2) are shown to take place under a change of hydrogen treatment regimes. X-ray diffraction patterns of
these alloys differ strongly from amorphous RFe2 compounds obtained by usual methods (Fig. 12.3) and
represent, as a rule, one broad halo placed in the vicinity of the most intensive line of the RH2 phase.
During the amorphization process, both a weakening of the intersublattice exchange interaction (decreasing
of compensation temperature) and a strengthening of the Fe-Fe exchange interaction (increasing of Curie
temperature) occur (Table 12.2). Due to the crystal field symmetry distortion, a local uniaxial anisotropy is
induced, and a canted magnetic structure is realized in a rare-earth sublattice, which results in a considerable
magnetic structure deformation in the field, which, in turn, influences the magnetization curves (no
ferrimagnetic saturation, Fig. 12.4, curve 3) and a great volume magnetostriction appears. It is also possible
that a canted magnetic structure in the Fe-sublattice due to a non-uniform exchange interaction takes place.
Mossbauer measurements show that the mean hyperfine field grows from 22.5 T for the initial compound to
33.4 T for the amorphous GdFe2Hx (Fig. 12.5). Hence, it is possible to assume an increase of µFe in the
process of hydrogen-induced amorphization from 1.6 to 2.2 µB. The distribution function of hyperfine fields
for the amorphous GdFe2Hx (Fig. 12.6) is very extended owing to the fluctuation of the local interatomic
distances and the nearest atomic distribution of Fe. The amorphous samples are characterized by two
parameters of the intersublattice exchange R-Fe interaction differing by an order of magnitude (Table 12.3
and Fig. 12.7) and, most likely, consist of structural and chemically heterogeneous regions of nanocrystalline
size (<10 nm). One of these parameters (the larger in value) characterizes the exchange inside the particles;
the other (the smaller) is determined by the exchange at the interface. Upon hydrogen treatment, the
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diffusion of the metal atoms between the cluster and the interlayer takes place, and then a rare-earth hydride
and α-Fe are formed (Figures 12.3 and 12.8).

Fig. 12.1. Differential thermal analysis-curve of TbFe2H4.2 sample in hydrogen atmosphere at the heating rate
of 20 K min-1 (Yermakov 1993).
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Fig. 12.2.
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X-ray diffraction patterns of HoFe2Hx compounds, obtained at various treatment regimes.
Temperature (°C): 1—200, 2—230, 3—250, 4—310, 5—350 (P = 1.35 MPa, t = 5hs) (Zajkov
1997).
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Fig. 12.3. X-ray diffraction patterns of crystalline TbFe2 compounds; the phases obtained by hydrogenation
at room temperature (TbFe2H4.2), 600 K (am-TbFe2H2.5), 800 K (TbH2 + α-Fe) and amorphous
phase obtained by mechanical grinding (am-TbFe2) (Yermakov 1993).
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Table 12.2
Magnetic Properties of Crystalline and Amorphous Hydrides
Tcomp (K)*

Tc (K)**

µS (µB)***

c-YFe2H4

-

306

3.66

am-YFe2H3.6

-

398

3.90

c-GdFe2H4

110

388

4.10

am-GdFe2H3.4

50

420

1.64

c-TbFe2H4.2

160

303

4.18

am-TbFe2H2.5

50

400

0.18

c-DyFe2H4

150

385

4.9

am-DyFe2H3.6

30

395

0.46

c-HoFe2H4.5

60

387

2.35

am-HoFe2H4.1

30

343

0.93

c-ErFe2H3.7

42

280

5.60

am-ErFe2H4.1

15

380

0.5

Compound

*Tcomp - compensation temperature
**Tc - Curie temperature
***µS - spontaneous magnetic moment

Fig. 12.4. Magnetization curve of am-RFe2Hx samples with R = (1) Y, (2) Gd, and (3) Dy at 4.2 K (Zajkov
1997).
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Fig. 12.5. Mossbauer spectra (a) at 88 K of parent GdFe2, (b) hydrogenated at 240°C, and (c) hydrogenated
at 300°C.
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Fig. 12.6. Hyperfine field distribution functions of (a) parent GdFe2, (b) hydrogenated at 240°C, and (c)
hydrogenated at 300°C.
Table 12.3
The Intersublattice Exchange Coupling Constant nGdFe and nDyFe Obtained From µR(T) Using One and
Two Constants and From the Slope of the Magnetization Curve in Field 1-2 T
nRFe (µB)
From µR(T)

Compound

One Parameter

From µ(H)

Two Parameters
n1

n2

am-GdFe2H3.4

11.2

2.40

23.5

3.4

am-DyFe2H3.6

8.9

3.85

16.0

2.1
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Fig. 12.7. Temperature dependence of Gd magnetic moment: experimental data (open circles; best fit using
the following equations: µR(T)/ µR(0) = BJ (gJJµBHm/kBT), Hm(T) = nGdFeµFe(T) (where nGdFe is the
intersublattice exchange coupling constant, BJ is the Brillouin function) (dotted line); best fit using
a rectangular distribution of nGdFe (dashed line); best fit using two nGdFe values (solid line)
(Mushnikov 1997).

Fig. 12.8. X-ray diffraction patterns of (a) parent GdFe2, (b) hydrogenated at 240°C, and (c) hydrogenated at
300°C (Mushnikov 1997).
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Conclusion
In the process of hydrogen-induced amorphization, the structure of RFe 2 compounds decomposes into areas
enriched in R, not participating in the exchange interaction with Fe, and areas enriched in Fe. Two exchange
coupling constants differing by an order of magnitude are proposed. The following are several
characteristics of hydrogen-induced amorphization:
•

Hydrogen-induced amorphization causes a noticeable increase of Fe-magnetic moment and Fe-Fe
exchange interaction, and a decrease of the R-Fe exchange interaction.

•

The magnetic state of amorphous hydrides is non-uniform and presumably represents canted structure in
both R- and Fe-sublattices owing to a local uniaxial anistropy and/or a non-uniform exchange
interaction.

•

As the contributions of the areas with two different interactions R-Fe are nearly the same, it is possible
to expect the characteristic size of the structural components to be of the order of a few nanometers (1-10
nm).
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13. NANOLITHOGRAPHY ON SURFACES OF SiWx AND ITO FILMS BY STM
I.A. Ryjikov
Russian Academy of Sciences, Scientific Applied Problems in Electrodynamics,
Izhorskaya 13/19
Moscow, 127412, Russia
fax: (095) 484 2633
e-mail: rijikov@eldyn.msk.ru
Abstract
Under a condition of CHCl3 vapor injection into the chamber, the creation of local regions with sizes about
50-100 nm can be observed surrounding the scanning tunneling microscope (STM) points of action. The
conductivity of these regions is 5-6 times lower than the conductivity of the starting SiWx layer. Although
different gaseous mediums have been explored, this effect was observed only in CHCl3 vapor. This effect
seems to be a metal-insulator transition caused by the locally stimulated adsorption of chlorine by the STM
tip. The process of local STM-stimulated deposition of organic nano-sized objects on the ITO films was
investigated. Under special conditions the process of deposition does not occur in the region under the tip of
the STM. However, a nano-ring was created around the point of action. When the STM electric pulse action
occurs along a straight line, two parallel nano-sized lines are formed. In both cases it appears as if the tip of
the STM casts a shadow in the region beneath it and deposition does not occur in this region.
Part I: Stm-Induced Local Sensor Effect On The SiWx Films (Ryjikov 1996)
Introduction
This work is the continuation of research into the local electric field stimulated processes of reactive
adsorption and segregation on the surfaces of structures based on semiconductors, dielectric, and metal thin
films. The STM was used as a source of local electric action. The general purpose of the research is to
discover the qualitative dependencies between main parameters of the STM process and the resulting nanostructures. The first results have already been published (Gorelkin et al. 1994; Luskinovich et al. 1995),
demonstrating the existence of processes on surfaces that lead to the formation of stable objects of nanoscale
size. These objects were created as a result of the action of electromagnetic pulses delivered by the STM tip.
The adsorbate was formed by injecting the gas mix in a well-controlled manner. Research was carried out on
the following structures: (-C:H (thickness: 50 Å - 100 Å) on W in a medium of vaporous diethyl ether or
chloroform; SiWx in a medium of diethyl ether on W; (-C:H: on In 2O3 γSnO2 (thickness: 200 Å - 500 Å); and
W in a medium of diethyl ether and chloroform. Only clear, pronounced, and stable effects will be discussed
here. It has already been shown that initial contamination on the surface plays some role, but our results also
show that the nanostructures are formed controllably through the control of the adsorbatesubstrate
interaction via STM tip.
Experimental Scheme
This study used He, N2 and vapors of organic diethyl ether, chloroform, acetone, toluene, propanol-2
(isopropanol), ethanol, heptane, styrene, acetic acid, etc. The conditions of injection, the partial pressure of
components, and the temperature values were varied. The STM image of the substrate was fixed for different
conditions in the chamber. After that action, a series of electric pulses was provided in the system tip of the
STM - adsorbate-thin film structure. The pulses’ duration (1 (- 10( ), the pulses’ numbers at the action point
(1 - 1000), the distance between action points and regions, and the trajectory of the action were varied. The
dynamic STM images were assumed to provide a record of the lithographic process itself: the appearance and
disappearance of the different nano-sized objects on the thin film surface; their form, height, and depth; their
lateral sizes; the time stability and stability for secondary actions; and their electric conduction. All these
parameters were analyzed as a function of the controlled parameters of the experiment by using
representative statistics (more than 104 experimental situations). In every stage of the experiment, only the
parameters that produce small perturbations into the state of the system as a whole varied.
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Experimental Equipment
The experimental equipment consisted of an STM with a large range manipulator, a vacuum chamber, a
pumping system, a vapor-gas mix injection system, and an electric pulse generator.
Experimental Results
The study investigated processes of reactive adsorption and segregation stimulated by the local electric field
action created by the STM on the surfaces of structures based on layers of SiWx. With CHCl3 vapor injection
into the chamber, the local creation of regions with sizes about 50-100 nm was observed about the points of
action of the STM. The pulse voltage was 18 V - 20 V. The conductivity of these regions was a factor 5-6
times lower than the conductivity of the starting SiWx layer. Experiments were carried out in different
gaseous media, but the effect was observed only in CHCl3 vapor. Nano-sized dielectric regions were
observed and secondary STM actions did not produce a return to a conductive state. Two interesting
phenomena were observed when scientists attempted to create a new dielectric region near the earlier-formed
non-conducting object. First, if the distance between the point of action and the dielectric cluster was less
than 0.2 µm, the new object was formed and merged with the old one. The new cluster was created with a
larger size. Formation of two dielectric regions with a distance less than 0.2 µm between them is impossible.
Secondly, if the distance between the point of action and the dielectric cluster is more than 0.2 µm and less
than 0.6 µm, the new non-conducting region is not formed at all. Only if the distance is more than 0.6 µm is
the stable formation of new dielectric regions possible .
Interpretation of Results
The STM-induced local sensor effect may be explained by an interaction between ions of Cl+ contained in the
adsorbate and ions of W- formed in SiWx film as a result of the STM action. The results confirm the results
published in Zaporozchenko et al. (n.d.) in that when the action energy to the SiWx is 16 - 25 eV, a
metastable state of the material was observed. The effect may be interpreted as a creation of W - ions, which
then interact with Cl+ ions of the adsorbate, forming a new amorphous film in the region of this interaction.
As a result, the percolation paths of the electrons are destroyed, and the transformed region becomes nonconducting. The Cl diffusion length is about 0.2 µm. Therefore, if the action region is nearer than 0.2 µm to
the previously formed dielectric cluster, the new non-conducting object merges with the first cluster. The
dielectric region formed in the SiWx film creates an electric field around itself. The cause of this field is the
zone curvature near the boundary between conducting and non-conducting regions. If the potential barrier
created by the dielectric phase for the Cl+ ions is high enough, the Cl+ ions will be attracted to the conductornonconductor boundary. The Debye length for Cl + ions is about 0.4 - 0.6 µm. Therefore, there may not be
enough Cl+ ions to create the dielectric phase if the STM action region is nearer than 0.6 µm to a nonconducting cluster. Note that this is not the only possible interpretation. For a complete understanding of
this interesting phenomenon, more detailed investigation will be necessary.
Part II. The Shade Effect on STM-Stimulated Local Deposition of Organic Nano-Objects
(Zaporozchenko Et Al. N.D.)
Introduction
This work is the continuation of the research into the local electric field stimulated processes of reactive
adsorption and segregation on the surfaces of structures based on semiconductors, dielectric, and metal thin
films. The STM was used as a source of local electric action. The general purpose of the research is to
discover the qualitative dependencies between the main parameters of the structures, mediums, and actions
and possible ways in which the processes might proceed.
The first results of this study were published earlier (Gorelkin et al. 1994; Luskinovich et al. 1995) and
demonstrated the existence of rather pronounced processes on substrate surfaces, processes that lead to the
formation of stable objects with nanoscale sizes. These objects were created as a result of the action of
electromagnetic pulses in the system tip of the STM adsorbate - substrate. The adsorbate was formed by
injecting a vapor-gas mix with controlled components into the chamber. Research was provided on various
structures: (-C:H (thickness: 50 Å - 100 Å) on W in a medium of diethyl ether or chloroform vapors; SiWx
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on W in a medium of diethyl ether vapors; (-C:H on In2O3 γSnO2 (thickness: 200 Å - 500 Å) and W in a
medium of diethyl ether and chloroform vapors. Only the clear, pronounced, and stable effects will be
discussed here. In this section, only recent results will be presented: the STM-induced local sensor effect on
the SiWx films and the shade effect on STM-stimulated local deposition of organic nano-objects.
Experimental Scheme and Equipment
The same as for Part I.
Experimental Results
The process of local STM-stimulated deposition of organic nano-sized objects on the (-C:H (50 Å) /xIn203
γSnO2 (ITO) (200 Å - 600Å) films and ITO (500 Å) films on W (1500 Å - 2000 Å) in a medium of
chloroform and diethyl ether was investigated. It was shown that under special conditions (pressure of N2: 10
Pa - 100 Pa, chloroform and ether: 1 Pa - 10 Pa, temperature equal to 300 K), the process of deposition is not
observed in the region under the tip of the STM. However, nano-sized annular objects were formed around
the point of action. When the points of STM electric pulse action traveled along a straight line, two parallel
nano-sized lines were formed. In both cases, it appears as though the tip of the STM casts a shadow in the
region under it, and the deposition process in this region is absent. Note that on the highly conducting
substrates, the process of local deposition was observed only directly under the tip of the STM. The shadow
effect was observed only on semiconductor surfaces.
Interpretation of Results
This effect seems to be a consequence of the interaction of the secondary electrons and the holes created in
ITO as a result of the electron emission from the STM tip into states in the ITO. These states became
charged and ready for interaction with adsorbate molecules. It may be a result of both electrostatic and
chemical interactions. This point of view correlates with the scattering diagrams of secondary particles. The
secondary holes migrate to the region under the STM tip through the action of electrostatic forces that lead to
partial compensation for the electrons’ charges. As a result, the region under the tip becomes nonactive for
interaction with positively charged ions. The secondary electrons interact with the ITO surface traps that
lead to the creation of the negatively charged regions around the tip. These regions play the role of adsorbate
centers. The shadow effect was observed only on the ITO surface. In the other investigated semiconductors
only deposition directly under the STM tip was observed. The special features of the ITO material may
explain this phenomenon, but these special features have not yet been determined.
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14. SOME ASPECTS OF NANOELECTRONICS DEVELOPMENT IN RUSSIA
I.A. Obukhov
“Delta” Research Institute
2 Schelkovskoe Sh.
Moscow105122, Russia
e-mail: anv@srl.phys.msu.su or
obukhov@interf.mx.orc.ru

This report reviews some Russian research in the field of designing and creating nanodevices. It analyzes
the results of more than 10 years’ efforts to create resonant-tunneling structures and microwave devices on
this basis. It also examines the modern state and future directions for using quantum wires (QW) as basic
elements for designing nanodevices.
Introduction
The development of nanoelectronics in Russia began in the middle of the 1980s with work on resonanttunneling diodes (RTD). Among those conducting research in this area are Yu.S. Tikhodeev, O.T. Gavrilov,
and I.I. Kvjatkevitch at the “Pulsar” Research Institute in Moscow; Yu.A. Ivanov at the experimental
scientific-industrial corporation “Special Electronic Systems” in Moscow; and I.A. Obukhov at the “Delta”
Research Institute in Moscow. Somewhat later, P.N. Luskinovich, I.A. Ryjikov, and V.D. Frolov at the
“Delta” Research Institute began to examine the technological applications of scanning tunneling
microscopes (STM) in order to serve the needs of electronics.
The work on RTDs has given Russian researchers significant practical experience in creating quantum
devices. Moreover, on the basis of the experimental data, some theoretical ideas were developed. This
experience led to understanding transport physics in structures with quantum properties and to describing the
characteristics of devices adequate for experiment. The experience has also appeared useful for designing
next generation quantum devices, devices based on QWs.
For a long time, some authors hoped to apply STM methods to electronic technology. A set of projects on
the formation of quantum electronic circuits using the STM already existed (P.N. Luskinovich et al. 1995).
The projects were assumed to lead to the actual creation of such circuits by the mid-1990s. However, the
goal has not been reached. It is possible to say only that STM appears to be a useful tool for
nanolithography and for creating QWs and devices based on QW.
The Resonant-Tunneling Diode: Its Current State and its Long-term Perspective
The functioning of the RTD is based on the well-known effect of resonant tunneling. If for electrons, the
potential shown in Fig. 14.1 is created, then increased transmission of electrons through the barriers can
occur for particular alignments (or resonances) of the energy levels (Fig. 14.2). These resonances are in turn
controlled by the voltage bias applied across the entire structure: as the energy levels come into alignment, or
resonance, peaks in the transmission current occur (see Vp, in Fig. 14.3). As one continues to increase the
voltage, the energy levels will no longer be resonant and the current will diminish, until the device reaches a
local minimum (valley) in current, at a voltage Vv. Therefore, it is possible to produce current-voltage
characteristics with multiple values of voltage for a given current value. Such RTDs can be formed by using
structures such as those shown in figures 14.4 and 14.5, grown through the use of molecular beam epitaxy
(MBE). Both theoretical estimations and experimental realizations have suggested that the RTD has
applications as a high frequency device (Solner 1983; Brown 1988; Tikhodeev 1973). Circuits utilizing
RTD devices have demonstrated operation at frequencies greater than 100 GHz.
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Fig. 14.1. Potential RTS.

Fig. 14.3. I-V characteristics of RTD.

Fig. 14.2. Electron transmission coefficient.

Fig. 14.4. RTS on n+ -substrate.

In Russia the work on RTDs began in 1987. Dr. Yu.S. Tikhodeev was its initiator and scientific chief. The
first sample devices were obtained in 1990. The main research was carried out at the “Pulsar” Research
Institute (Moscow). Interesting experimental and theoretical results were obtained by the scientific groups of
Prof. A.S. Tager at the State Research and Production Corporation “Istok,” Frjazino (Tager 1987; Tager
1988; Kal’fa et al. 1993); Prof. V.G. Mokerov at the Institute of Radio Engineering and Electronics, Russian
Academy of Sciences, Moscow; and Prof. Yu.V. Kopaev at the Lebedev Physical Institute, Russian
Academy of Sciences, Moscow.
Figures 14.6 – 14.8 present the experimental I-V characteristics of RTDs developed in the ‘Pulsar’ Research
Institute. One can clearly see the variation in values of peak voltage, Vp, with a range of ~1.4-7 volts. This
variation, as well as the hysteresis shown in Fig. 14.7, may arise from influences of charge transport from the
substrate. Other than the expected effect of the substrate, in determining the series resistance to the RTD,
modeling and experiments have shown other influences of the substrate on the performance of the RTDs
(Gavrilov et al. 1993). For example, Fig. 14.9 shows the distribution of the current density in a direction
perpendicular to the RTS-n-substrate interface. The non-uniform distribution of the current density is a
result of the non-monotonic I-V characteristics of the RTD, and in turn, influences the I-V performance of
the RTD itself. Experimental confirmation of the theoretical predictions was made by changing the
geometry of the RTD contacts, and also by changing the doping of the substrate underlying the RTD
structures. Another important influence of the substrate on RTD performance may be in its action as a
‘resonator’ for fluctuations. The resonance frequence will vary, depending on the device geometry and its
conductivity (Gavrilov et al. 1996). Experimental demonstration of this effect was given by the generation
of ‘white noise’ in the frequency range 10 MHz – 25 GHz. The white noise was observed only when the
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voltage bias was placed in the RTD’s region of negative differential conductivity. Total radiated power was
as high as 20 µW, and the spectrum of noise power calculated was equal to 2.91 x 105 kBT.
This conclusion was confirmed experimentally by using specially created test structures with various top
surface contacts (see figures 14.4 and 14.5) to identical RTS (see figures 14.6 and 14.7). Reduction of the
contact area results in the improvement of the RTD characteristics: shift of Vp, an increase in current
density, and an increase in the threshold frequency of generation.

Fig. 14.5. RTS on semi-insulating substrate.

Fig. 14.7.

I-V characteristics of RTD on n+substrate with se = 15 Å and
diameter of contact to RTS: 1—100
µm; 2—80 µm; 3—40 µm.

Fig. 14.6.

I-V characteristics of RTD on n+substrate with se = 200 Å and
diameter of contact to RTS: 1—100
µm; 2—80 µm; 3—40 µm.

Fig. 14.8. I-V characteristics of RTD on semiinsulating substrate (diameter of
contact to RTS is 80 µm).
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Fig. 14.9. Distribution of normal current density
to boundary between RTS and n- substrate.

Fig. 14.10. Potential relief for electron in
junction between 2 InSb QW with
width 70 nm and 10 nm.

Prof. Yu.A. Ivanov and his collaborators have investigated the circuitry applications of RTD at the
experimental scientific-industrial corporation “Special Electronic Systems” (Georgievskyi et al. 1996).
Different types of generators and mixers were created and researched. These devices demonstrate
satisfactory characteristics, but the frequency range is only between 1 GHz and 50 GHz. The limited range
is caused by some technological problems and by the limits of the measuring equipment. The noise
characteristics of the devices and the RTD reaction to external radiation have been investigated as well.
To conclude, it is important to note that work on the RTD problem has already passed from the research
stage to the search for technical applications. The achievements of Russian researchers in the discussed area
are impossible to characterize as remarkable, but some interesting original results have been obtained. This
research may be the basis for future development.
Devices Based on Quantum Wires: Prospects and Problems
The next interesting direction of Russian research in the field of nanometer scale science is the design of
devices based on QW studied by I. A. Ryjikov and I. A. Obukhov at the “Delta” Research Institute in
Moscow. Two circumstances have generated interest in these investigations:
1.

the opportunity to create superhigh-frequency (>100 GHz) electronic devices with planar topology

2.

the prospect of increasing the elements’ integration level in circuits up to sizes of the order 1010 pieces
on a square centimeter

A quantum wire (QW) is a structure where electrons are confined in two directions, with transport allowed in
a third dimension. At a given temperature, T, the quantized energy levels will be apparent if the difference
between those energy levels is greater than kBT. A simple calculation shows that this condition will be
satisfied if the critical dimension of the structure, L, is less than L0, where
L0 = (3h2/8m* kBT)1/2
For electrons in GaAs at room temperature (T = 300 K), L0 = 25.3 nm; in InSb, L0 = 57.9 nm (Table 14.1).
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Table 14.1
Physical parameters important for quantum wires of various materials
T=300 K

L0(e)/L0(h)
nm

Lrel(e)/ Lrel(h)
nm

ni cm -3

m*e / m0

m*h/ m0

µe cm2/V
s

µh cm2/V
s

τe s

τh s

Organic
material

5.0-10.0/
...

1.5-2.0/
1.5-2.0

10 –
22
10

16

1

1

40 – 100

40 – 100

2.5 x

2.5 x

Si

15.1/ 16.5

10.0/ 6.3

1.6 x 10

GaAs

25.3/ 19.1

23.8/ 5.2

1.1 x 10

InAs

46.7/ 10.3

47.3/ 5.6

InSb

57.9/ 8.5

72.7/ 7.1

10
10

0.19

0.16

1500

7

0.068

0.12

8500

16

1.7 x 10

-14

-14

10

600

1.58 x10

-13

5.3 x 10

-14

400

3.21 x10

-14

-13

2.7 x 10

-13

1.06 x10

-13

-13

2.52 x10

-13

4

460

3.7 x 10

4

750

5.68 x10

0.02

0.41

3.3 x 10

0.013

0.6

7.8 x 10

One candidate device is the quantum field effect transistor (QFET). The topology and calculated static
characteristics of this device are demonstrated in figures 14.11 and 14.12. Note that although the specific
transconductance of the QFET is very high (105 A/V-cm2), the total transconductance is only 10-7 A/ V-cm2.
Such values are typical for devices based on QW and are a consequence of their small cross-sectional areas
(~ 10-12 cm2).

Fig. 14.11. Quantum field effect transistor.

Fig. 14.12. I-V characteristics of GaAs QFET for
Ly = 30 nm and 1—Vg = 0V, 2—Vg
= -0.05 V, 3—Vg = -0.1 V, and 4—
Vg = -0.3 V.
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One can modulate the potential landscape seen by the electrons through the lateral modulation of the size of
the quantum wire. Therefore, when the quantum wire diameter is scaled from 70 nm to 10 nm, the potential
landscape for electrons in InSb may appear as shown in Fig. 14.10. The manner in which the transition is
made from the wider to the more narrow quantum wire has a critical impact on the transmission of electrons
from one region to the next. An important length scale is then the relaxation length:
Lrel = (hτ /m*)1/2
This principle has been further employed in the proposal for a relaxation quantum transistor (RQT, see Fig.
14.15) (Obukhov 1993, Obukhov 1996). The device operation is similar to that of a conventional bipolar
transistor, where an external signal (through the base) is used to modulate charged carriers flowing between
the collector and emitter. Calculated current gain of the RQT is ~200-1000. The specific capacitances of
these QW devices are of the order of 0.1-0.2 µF/cm2. We can use these values to extrapolate the maximum
operating frequencies of the devices: 1011 Hz for the QFET and 1013 Hz for the RQT.

Fig. 14.13. Relaxation quantum diode.

Fig. 14.14. I-V characteristics of InSb RQD with
L1 = 70 nm and Lτ = 10 nm.

Table 14.1 lists some of the important physical parameters that might influence the performance of a QW
device: the critical linear scale, L0 (for electrons and holes), the relaxation length Lrel (for electrons and
holes), the intrinsic carrier concentration, expected effective mass and mobilities of electrons and holes, and
lifetimes for momentum relaxation. All values are expected to pertain to operation at room temperature.
There are two principal obstacles to the creation of the QW devices described. First, there are the
technological difficulties in fabricating devices at these dimensions. Although individual devices may be
realized, there are numerous issues related to scaling up such approaches to the level of manufacturability.
However, progress in the field indicates that there are ways of working to solve these technological issues.
Secondly, however, there are problems relating to the basic physics limitations of devices at these
dimensions.
The reduction of the number of possible electron states in QW helps to reduce their scattering and, hence, to
increase momentum relaxation time. This is the positive effect that results in increasing the electron mobility
in QW in comparison with volumetric material. However, the electron concentration in quantumdimensional structures decreases and, as a result, the conductivity increases insignificantly. These increases
do not appear to be enough to compensate for the negative influence of the small areas of QW cross-sections.
Therefore, QW and devices based on QW are structures with high resistance, and, as a consequence, with
high levels of thermal noise. So for QFET, the level of thermal noise reaches 100 to 1000 nV/(Hz)1/2. For
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RQD and RQT, this value is less: 40 - 100 nV/(Hz)1/2. But it is too large a noise in comparison to the best
microelectronic devices, for which typical values are 0.3 - 1 nV/(Hz)1/2.

Fig. 14.15. Relaxation quantum transistor.

Fig. 14.16. I-V characteristics of InSb RQT in
circuit with common base: 1—Veb =
0.05 V; 2—-Veb = -0.02 V 3—Veb = 0.05 V; and 4—Veb = -0.07 V.

It might be possible to solve the problem of large resistance and significant thermal noise by using extremely
pure materials with very small numbers of scattering centers. One might use an approach such as employed
in modulation-doped heterostructures, in which the impurity is spatially separated from the charged carriers.
Nonetheless, in nanosized structures, specific quantum noise may be observed. As recent research has
shown, quantum fluctuations of the electron electrochemical potential lead to the appearance of voltage noise
in which spectral density is the proportional factor:
(Lrel/L)2
where L is the typical length of the device’s active area. As Lrel ~ 10-6 cm, this noise is practically invisible in
devices with macroscopic sizes. But for the elements considered here, L may be of the order L rel, and even
much less than Lrel. In such a situation, quantum noise may prevail. To suppress it would hardly be possible.
Therefore it is necessary to realize that in nanoelectronic circuitry, the noise level will be high.
Conclusion
To conclude, the two directions for nanoelectronics development in Russia are connected by the names of
the scientists and by the general methodology and experimental bases of the research.
The work on RTD is now at a stage of practical readiness for experimental production. The work on devices
based on QW is in its initial stage. Scientists hope that they understand what research is necessary, but
experimental research has only just begun. Which results will be obtained and which will be theoretical at
the end remains unclear.
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Fig. 14.17. I-V characteristics of InSb RQT in circuit with common emitter: 1—Vbe = 0.00 V; 2— Vbe =
0.01 V; 3— Vbe = 0.02 V; and 4— Vbe = 0.03 V.
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15. HISTORY AND SOME PROGRAMS OF ULTRADISPERSED MATERIALS
DEVELOPMENT IN RUSSIA
Vadim F. Petrunin
Moscow Engineering Physics Institute
31 Kashirskoe Sh.
Moscow, 115409, Russia
fax: (095) 324 2111

The preparation and study of ultradispersed materials (UDM) was ongoing for about 50 years behind
closed doors in the USSR (Krouglov 1994). Ten scientists (I.D. Morokhov, I.K. Kykoin, V.N. Lapovok,
et al.) were awarded the Lenin Prize for their successful application of metallic ultrafine powders and
high-porous filters in uranium problems. A diffusion method of isotope division has been improved, but
UDM research only reached experimental and theoretical prominence some 30 years later (Morokhov
1977). In addition to salt decomposition, a utilization of gas evaporation (and condensation), plasmachemical, electrowire explosion, and other physical and chemical methods essentially expands the
assortment of UDM (Morokhov 1977; Morokhov 1981; Ziskin 1959).
Over the last two decades, a new direction has appeared in investigations at the frontier between atomicmolecular, solid state physics and chemistry, material science and metallurgy: the physics and chemistry
of ultradispersed systems (UDS). The ultradispersed state of solids or liquids was formerly determined
specifically by physical factors. When the size of condensed matter, morphological elements (small
particles, crystallites) becomes comparable to a critical physical length such as an electron mean free
path, the size of a magnetic domain, or the extent of a defect, then various interesting phenomena may be
observed. To this class of materials were assigned thin films, thin whiskers, fine powders, highly porous
materials, etc., and their different ensembles. Nanocrystals (NCs) may be called “compact UDM” by
this definition (Gleiter 1992). UDMs have significant energy due to their large surfaces, and they are
usually prepared under extreme conditions (high temperatures, rapid processes) so that they are
nonequilibrium systems.
To develop this field of science, the section on “Ultra Dispersed Systems” in the Academy of Science
USSR was organized in 1979. It drove the Russian scientists’ investigations, and three All Soviet Union
Conferences on the “Physics and Chemistry of Ultra Dispersed Systems” were carried out in 1984
(Zvenigorod), 1989 (Riga), and 1993 (Tomsk) (Physics 1987; Physics 1989; Physics 1993). Many
metals, alloys, and compounds in the ultra dispersed state were investigated, and experimental and
theoretical data about their structure and property peculiarities were discovered by different methods
(Physics 1987; Physics 1989; Physics 1993; Alymov 1995).
By generalizing all theoretical and experimental results, one can suggest a model of UDMs’ atomic
arrangement that illustrates the possibility of a transition from a crystalline to an amorphous state
through an ultra dispersed one (Fig. 15.1) (Petrunin 1991). Inhomogeneous distortion of a small particle
provokes an atomic density distribution that is different from its crystalline and amorphous distributions
(Fig. 15.2). For very long distances, (more than 100 Å), particles present a crystalline atomic ordering;
for very short distances, (less than 10 Å), they take on an amorphous quality; but for middle distances
(10-100 Å) the state seems to be UDM. So the UDM atomic structure is peculiar, midway between a
crystalline and an amorphous state. The reasons for the UDM atomic structure’s peculiarity are its
significant surface energy, the small size of its crystallites, and the extreme conditions of its preparation.
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Neutron diffraction patterns of ultradispersed powders NbN, prepared at different
temperatures: a—5270 K, b—1270 K, c—1070 K, d—770 K.

Investigators have directed most of their attention toward the mechanical properties of UDM (Morokhov
1977; Alymov 1995). Compressing crystallite (or grain) size with dislocations or with disclinations
causes the hardness to increase. And simultaneously the developed boundaries reduce the net viscosity.
That is why UDM can combine high hardness and superplasticity.
The thermal properties are changed at the transfer from the usual crystalline to the ultra dispersed state
mainly by a specific phonon spectrum (Morokhov 1981). Additional surface atoms’ vibrations become
considerable from one side. And the small size of the crystallites limits them from the second side. The
role of these factors changes in different materials, but their thermocapacity increases and melting and
sintering temperatures decrease for the most part.
The other properties of UDM are interesting as well. Metals with very small crystallites can be
semiconductor-like; ferro- and antiferromagnetic materials transfer to superparamagnetic ones; and
superconductive materials to insulators.
In order to realize the remarkably wide possibilities for highly efficient new materials and for the
simultaneous preservation and development of the present scientific, technological, and industrial
potential, the Russian Ministry of Atomic Energy in 1996 established a special program for obtaining,
studying the properties of, and applying UDM (Gryaznov 1992). This program will work out some new
ways for obtaining UDM and bringing to pilot-commercial production earlier developed methods
(evaporation-condensation, plasmochemical, etc.) for obtaining a wide assortment of UDM: metals,
alloys, and compounds as well as compacted UDM (nanomaterials). The integrated technique of
characterization by present-day physical methods will be developed including X-ray, electron- and
neutron scattering, nuclear gamma-resonance, positron annihilation, and others.
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100a ≤ L < ∞
crystal state
10a ≤ L ≤ 100a middle state (UDM)
a ≤ L ≤ 10a amorphic state

Fig. 15.2. Atomic density in various material structures.

The main goal of the program is to develop and bring items based on UDM to production. For example,
one aim is to launch the production of motor oil with a UDM additive for a motor-car engine that will
allow one to reclaim the surface of worn out friction pairs and to increase their usefulness by a factor of
1.5-2.0.
The production of magnetohard and magnetosoft ferrites made of UDM will enable the Russian
electronics industry to eliminate the deficiency caused by the reduction of supplies from Commonwealth
of Independent States (CIS) [former FSU] countries. Piezoelectric ceramics made of UDM will find
applications not only in Russia but also in the United States, South Korea, and other countries. Hard
ceramic UDM (oxides, carbides, and diamonds) will be used for making filters, cases for different
articles, gauges, and dies for obtaining electric wires from non-ferrous and ferrous metals. Putting UDM
on the surface of cutting tools will help to decrease the aging of such widely used tools as face milling
cutters, rough heads, bushings for saws, etc. High-porous intermetallic UDM will be utilized as filter
elements, and thermal tubes that have a high resistance to corrosion and might be used at temperatures
up to 800°C.
The program contains several projects of interest to atomic power engineering itself. The program is a
refinement of the technology used at nuclear power plants for refining fuel elements from uranium and
plutonium oxide UDM mixed at the atomic level. The program also offers much promise for the
absorbtion of materials on the basis of rare-earth metals UDM. Such materials can be more resistant to
radiation and more efficient than those used at present.
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Notice should be taken of high-porosity beryllium. Items made of this material are lightweight and have
other unique properties that may be useful in X-ray equipment. Beryllium UDM may eventually
become the material for thermonuclear reactor targets’ shells as well.
Realization of this Ministry of Atomic Energy program will give rise to the formation of a market with
new science-intensive and high technology production. Saturation of this market is not expected in the
near future, and therefore, Russian enterprises that are being converted now have a real chance “to
dictate what is in fashion” for the market.

Editor’s note: The following material was taken from the viewgraphs used in Professor Petrunin’s
presentation.
Some Historical Stages of Ultra Dispersed (Nano-) Material (UDM) Research in Russia (USSR)
1949

- First thin powders (100 nm) were received

1958

- Lenin Prize for successful application (I.D. Morochov, I.K. Kykoin, V.N. Lapovok, ...)

1971

- Gas evaporation method was developed (M.Y. Gen)

1976

- First open paper about UDM physical properties pecularities (L.I. Trusov, V.F. Petrunin)

1979

- Section “Ultra Dispersed Systems” was organized in the Academy of Science Council

1981

- Determination of the Ultra Dispersed State by physical criteria

1984

- First All Soviet Union Conference “Physics and Chemistry of Ultra Dispersed Systems”

1989

- Second All Soviet Union Conference “Physics and Chemistry of Ultra Dispersed Systems”

1993

- Third (Russian) Conference “Physics and Chemistry of Ultra Dispersed Systems”

1994

- Education Ministry program for investigating UDM properties was started

1995

- State Science and Technology Komitet Program of New Perspective Materials Investigations

1996

- Atomic Energy Industry (AEI) Program “Preparation and Study of Properties and
Applications of UDM”

1997

- Federal National Technology of Russia Program

1998-9 - Fourth Russian Conference “Physics and Chemistry of Ultra Dispersed Systems”
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Examples of UDM Applications Being Worked out by the Atomic Energy Industry (AEI) Program
Restoration Additives for Motor Oil (UDP: Fe, Cu, ...)
Goals: decreasing friction; restoration of working surfaces; increasing resources 1.5 to 2 times
Strong Ceramic Manufactured Goods
Goals: mechanical protection of neutron counter; calibers, fillers for electric wire production
High Light Manufactured Goods (UDP: Be)
Goals: X-ray equipment details; shells for thermal nuclear reactor (with U.S.A.?)
Soft and Solid Magnetic Ferrites, Piezoelectric Ceramic Materials for the Electronics Industry
Highly Porous Filters
for water, technical liquids, oil products, cleaning
Solid Coatings for Instruments (UDP: Diamond)
Some Nuclear Reactor Construction
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16. DESIGNING NANOSTRUCTURES FOR NEW FUNCTIONAL MATERIALS
B.B. Rath
Naval Research Laboratory
Washington, DC 20375-5341, USA
Abstract
High demands on materials performance, particularly for functional applications in miniaturized systems,
have brought revolutionary changes in materials synthesis, processing, and fabrication concepts. Recent
advances have demonstrated that materials with nanometer scale structures can be successfully designed at
the atomic and molecular levels to exhibit unique properties by using many methods. Improved and
unexpected properties of these materials have an impact on a wide spectrum of phenomena including
superconduction, magnetism, quantum electronics, non-linear optics, cluster stability, and nucleation and
growth. Concurrent with innovative processing and fabrication, new characterization tools such as scanning
tunneling microscopy, atomic force microscopy, and magnetic force microscopy have revolutionized our
understanding of interatomic interactions and structures of atomic and molecular self-organization. Selected
observations of recent studies in this emerging field will be presented with recommendations for future
research.

Editor’s note: The following materials have been reproduced from the viewgraphs used by B.B. Rath in his
presentation.
Materials Research In A New Era
“I am inspired by the biological phenomena in which chemical forces are used in repetitious fashion to
produce all kinds of weird effects (one of which is the author).”
 Richard Feynman
Eng. and Sci. Mag.
Cal. Tech. Feb. 1960
Materials: Unprecedented Technological Advances
Superconductivity
Electronics & sensors
Ceramics
Biomaterials
Carbons
Polymers
Materials for the environment

Magnetism
Optics and optoelectronics
Composites (smart materials)
Intermetallics
Under-dense materials
Ferrous alloys

Characterization tools --------------------------------------STM/AFM, atom-resolved TEM, angle-resolved
Auger synchrotron radiation
Synthesis/processing ----------------------------------------- MBE, MOCVD, PLD, spin casting, spray pyrolysis,
E-beam/X-ray, UV lithography
High performance computing ------------------------------- density functional approach, Car-Parrinello,
molecular dynamics, Monte Carlo (see Fig. 16.1)
Industrial pull ------------------------------------------------- improved system performance, economic
competitiveness
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Fig. 16.1. Trade-offs in computational materials physics.

Economic Drivers
•

INFORMATION PROCESSING (SENSORS – COMPUTER DEVICES – ACTUATORS)
(terabit memory density, speed, flat panel display, microfabricated sensor/ actuator)

•

TELECOMMUNICATIONS
(faster optoelectronic devices, dimensional tolerances)

•

BIOTECHNOLOGY/ MEDICINE
(single molecule detection/identification, in-vivo diagnose/ dispense, prosthesis)

•

PRECISION ENGINEERING
(metrology, semiconductor fab, micro-instrumentation, pointing/tracking, high energy laser, X-ray
optics)

•

MAINTAINABILITY/RELIABILITY
(friction, wear, adhesion, fracture, corrosion)
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Proximal Probe
Operating classes with order of magnitude lateral resolution
I.

II.

III.

Electron Tunneling
Scanning Tunneling Microscopy

0.1 nm

Scanning Tunneling Spectroscopyelectronic, EPR

0.1 nm

Laser Assisted Tunneling Spectroscopyelectronic, vibrational ?

0.1 nm

Spin Polarized Tunnelingmagnetic

0.1 nm

Ballistic Elec Emission Micro-/Spectroscopyburied interface

1 nm

Proximally Focused Field Emission
Scanning Electron Microscopy

1 nm

Microfabricated Field Emission Sources

1 nm

Electron Excited AES, PES, Fluorescence, Luminescence

10 nm

Force (10–7 To 10–14 Newtons)
“Atomic Force” Microscopyrepulsive, nanomechanics (incl. tribology)

IV.

1 nm

Surface ForceVan der Wall, patch, electrostatic, ...

0.1 – 10 nm

Magnetic Force Microscopymagnetism

10 nm

Surface Potentialsingle electron

10 nm

Capacitancedielectric

10 nm

Near Field
Opticalevanescent wave tunneling, nanoaperature, fluorescence
Chemical Potentialthermocouple junction

10 nm
1 nm

Acousticelastic

10 nm

Conductancemembrane transport

10 nm

Electrochemicalsurface reactivity

10 nm

Notes
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