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The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distinguished schol-
ars engaged in scientific and engineering research, dedicated to the furtherance of science and technology and to
their use for the general welfare.  Upon the authority of the charter granted to it by the Congress in 1863, the
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Bruce M. Alberts is president of the National Academy of Sciences.

The National Academy of Engineering was established in 1964, under the charter of the National Academy
of Sciences, as a parallel organization of outstanding engineers.  It is autonomous in its administration and in the
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federal government.  The National Academy of Engineering also sponsors engineering programs aimed at meet-
ing national needs, encourages education and research, and recognizes the superior achievements of engineers.
Dr. William A. Wulf is president of the National Academy of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to secure the
services of eminent members of appropriate professions in the examination of policy matters pertaining to the
health of the public.  The Institute acts under the responsibility given to the National Academy of Sciences by its
congressional charter to be an adviser to the federal government and, upon its own initiative, to identify issues
of medical care, research, and education.  Dr. Kenneth I. Shine is president of the Institute of Medicine.

The National Research Council was organized by the National Academy of Sciences in 1916 to associate
the broad community of science and technology with the Academy’s purposes of furthering knowledge and
advising the federal government.  Functioning in accordance with general policies determined by the Academy,
the Council has become the principal operating agency of both the National Academy of Sciences and the
National Academy of Engineering in providing services to the government, the public, and the scientific and
engineering communities.  The Council is administered jointly by both Academies and the Institute of Medi-
cine.  Dr. Bruce M. Alberts and Dr. William A. Wulf are chairman and vice chairman, respectively, of the
National Research Council.
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Executive Summary
Thomas P. Russell

Chair, Solid State Sciences Committee

The 1999 Solid State Sciences Committee Forum, en-
titled “Materials in a New Era,” was held at the National
Academy of Sciences in Washington, D.C., on February 16-
17, 1999.  The forum was designed to coincide with the re-
lease of the decadal report Condensed-Matter and Materials
Physics: Basic Research for Tomorrow’s Technology.  The
report, part of the series Physics in a New Era, reviews some
of the outstanding accomplishments in materials research over
the last decade and indicated some of the emerging areas
where there is excitement in the field from a perspective of
basic science as well as potential societal impact.  The pro-
gram for the forum was designed to highlight these accom-
plishments and emerging areas.

 The 1st day of the forum focused on the national political
environment surrounding materials science, the funding con-
straints under which materials scientists must operate, and
the changing roles of government laboratories, industry, and
academic institutions in promoting materials science.  The
2nd day focused on education, infrastructure, and emerging
areas in condensed-matter physics and materials science.

The tone of this forum was considerably more upbeat

Laura Lyman Rodriguez, a staff member in the office
of Representative Vernon Ehlers (R-MI), set the stage from a
national perspective with the keynote presentation on the re-
cently issued study Unlocking Our Future:  Toward a New
National Science Policy.  This report, the result of a House of
Representatives study headed by Representative Ehlers, was
aimed at developing a national science policy appropriate for
the 21st century.  The study finds that the federal govern-
ment, scientists, and educators must address several issues,
as follows:  (1) Our science policy is outdated, (2) the Ameri-
can public does not understand science and its practice, and
(3) scientists are politically clueless.  It is evident that our
nation needs to improve its science, mathematics, engineer-
ing, and technology education; to develop a new concise,
coherent, and comprehensive science policy; and to make its
scientists socially responsible and politically aware.  The re-
port makes the following four major recommendations:

1. Continue to push the boundaries of the scientific
frontier by supporting interdisciplinary research,

maintaining a balanced research portfolio, and
funding more innovative “risk-taking” projects.

2. Support private research efforts, an essential com-
ponent of a healthy U.S. R&D portfolio, by en-
couraging young, startup companies, making the
R&D tax credit permanent, streamlining regula-
tions, and pursuing and developing effective part-
nerships.

3. Increase efforts in education at all levels includ-
ing preschool to graduate school; conduct re-
search on curricula and education; address issues
of teacher training, recruitment, and retention;
provide for a more diversified graduate experi-
ence; and increase public outreach.

4. Strengthen the relationship between science and
the society that supports it through improved
communication among scientists, journalists,
and the public and by engaging the scientific
community in helping society make good de-
cisions.

than that of the forum held 3 years ago.  In the interim, the
federal funding picture for scientific research has stabilized
and improved, there is increased awareness of the value of
sustained investment in research in Washington, and indus-
trial support for physical science has stabilized.  With such
relatively good news, it is tempting for the community to
become complacent about being recognized as an invaluable
contributor to the U.S. and world economy.  However, the
message from the forum is clearwe, as a community, can-
not afford to be complacent but must act proactively in bring-
ing condensed-matter and materials physics to a more broadly
based audience, including politicians and lay persons not
versed in science.  Doing so will require active participation
by scientists in educating students on all levels and getting
young students interested in materials physics.  In addition,
scientific research is becoming much more interdisciplinary.
Some of the key advances in science are occurring at the
interface between different disciplines.  It is imperative that
active dialogs be established between different communities
to bring the knowledge and advances made in materials phys-
ics to other disciplines.

Summary of Articles

Keynote Address:  Unlocking Our Future
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Materials and the Federal Role

The interdependence of different fields of re-
search was emphasized by a number of representa-
tives of federal agencies.

Office of Science and Technology Policy

Arthur Bienenstock, Associate Director for Sci-
ence in the Office of Science and Technology Policy
(OSTP), emphasized the Clinton administration’s
unequivocal commitment to maintaining leadership
across the frontiers of scientif ic knowledge.
Technology and the underlying science in many
fields are responsible for more than 50 percent of
the increases in productivity that we have enjoyed
over the last 50 years.  The various branches of sci-
ence are truly interdependent—progress in one field
depends on advances in many other areas.  As an
example, Bienenstock pointed to computerized axial
tomography (CAT) scans, one of the mainstays of
medical diagnostics, asking why it took so long af-
ter the discovery of x-rays for the technology to de-
velop.  Progress in many fields was needed to make
the technology a reality—solid state physics and en-
gineering to enable the computers that control the
instrument and collect and analyze the data, materi-
als science to provide the x-ray detectors, and math-
ematics and computer science for the algorithms to
reconstruct the image from the raw data.  CAT scans
would not exist today if any of these were missing.

National Institutes of Health

Marvin Cassman, Director, National Institute of
General Medical Sciences, further embroidered the
theme of interdependence by discussing the
multidisciplinary nature of research at major facili-
ties such as synchrotrons and neutron sources.  In
the United States, most such facilities are funded
by agencies with major responsibilities for con-
densed-matter and materials research.  Biological
research, however, is finding an increasing need for
these facilities and now accounts for a significant
fraction of all work being carried out at these na-
tional sources.  Appropriate cooperation among
these communities and the agencies that fund them
will be essential to the continued viability of these
important and extremely costly facilities.  An inter-
agency working group has been formed under the
auspices of OSTP to facilitate such cooperation.

U.S. Department of Energy

Martha Krebs , Director of the Department of
Energy Office of Science, presented the view from
her office.  The fiscal year 2000 budget request for
the Office of Science is $189 million greater than
that for the fiscal year 1999 budget.  This increase
is largely for construction of the Spallation Neutron
Source and for the Scientific Simulation Initiative,
an interagency initiative that will bring teraflop-
scale computing to bear on a number of problems
including global systems, combustion, and basic
science (which may include materials).  Krebs iden-
tified a number of future directions and opportuni-
ties in materials research including neutron scatter-
ing, materials at high magnetic fields, sp2-bonded
materials, granular materials, complex materials, and
high-temperature superconductors.

U.S. Department of Defense

Hans Mark , Director for Defense Research and
Engineering in the Department of Defense (DOD),
began his presentation by noting the basic axiom
that possession of superior technology leads to vic-
tory in war.  However, what has not been recognized
is that fundamental scientific research is the link
between superior technology and basic knowledge.
He outlined four new science and technology topics
that the Defense Science Board should be consider-
ing and invited the community to suggest others.
The ones he suggested were:

1. “Strange” molecules, i.e., fullerenes, car-
bon nanotubes, or hyperbranched mol-
ecules;

2. Predictive chaos theory/nonlinear dynamics
and its applicability to national security;

3. Software development, especially new
techniques for producing software such as
genetic algorithm development and appli-
cation and automation of software devel-
opment; and

4. High-power electrical devices.

He emphasized that it is essential for the U.S.
military to receive the best possible scientific infor-
mation and, to this end, the DOD will continue to
support basic research.
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Science Foundation (NSF), surveyed the broad range
of research currently supported by the NSF that
spans length scales from the subatomic to the astro-
nomic.  Although Mathematical and Physical Sci-
ences supports such a broad range of research, over
the past 10 years its budget has only increased by
60 percent, an increase that can be compared with
the nearly doubled budget of the National Science
Foundation.  Mathematical and Physical Sciences
is not keeping pace, with greater budgetary increases
going to Engineering, Biology, Education, and Com-
puter Science.  Can this be changed?  Only if the
direct impact of Mathematical and Physical Sciences
research on these other fields and on society in gen-
eral is demonstrated and argued convincingly.  Quot-
ing Neal Lane, “It is necessary to involve materials
scientists in a new role, undoubtedly an awkward
one for many, that might be called the ‘civic scien-
tist.’  This role is one in which science shares in
defining our future.”

National Institute of Standards and Technology

Raymond Kammer, Director of the National Institute
of Standards and Technology (NIST), outlined the impact
that NIST has had in materials science including the high
quality of research performed in its laboratories, the research
facilities that are provided to the scientific community, and
the Advanced Technology Program that has an impact on
the industrial sector of research in the United States.  With the
growth of industrial interest in soft materials, including
biomaterials, the drive toward nanoscale structures, and the
importance of magnetic materials, it is essential that NIST
remain on the forefront of research in these fields.  NIST will
continue to develop, build, and operate the best possible re-
search facilities where NIST will play a special role.

National Science Foundation

Robert A. Eisenstein, the Assistant Director for
Mathematical and Physical Sciences of the National

Materials R&D in a Changing World

Report of the Committee on Condensed-
Matter and Materials Physics

The focal point of the forum was the report of the Com-
mittee on Condensed-Matter and Materials Physics (CMMP),
Condensed-Matter and Materials Physics:  Basic Research
for Tomorrow’s Technology.  Venkatesh Narayanamurti,
Dean of Engineering and Applied Science, Harvard Univer-
sity, chaired this committee and summarized the report.

Over the past decade, CMMP has been marked by the
unexpected.  If one looks at the last decadal study by Brinkman
(Physics Through the 1990s, National Academy Press, Wash-
ington, D.C., 1986) , the majority of major findings were far
from expectations.  One need only look at the discoveries of
fullerenes, giant magnetoresistance, the fractional quantum
Hall effect, and atomic force microscopy, to name a few, to
see the impact that the unforeseen has had on science and
society in general.

CMMP, however, faces stringent challenges in the future
to ensure its intellectual vitality and transfer of knowledge to
practical applications.  In general, science is becoming
multidisciplinary in that advances in different fields are brought
about by the integration of the expertise existent in specific
subfields.  For the scientific effort to succeed, facilities infra-
structure needs to be in place so that research by a broad
community can be enabled in an efficient and effective man-
ner.  New modes of cooperation between the academic, in-
dustrial, and government communities must be established

to ensure a connectivity of CMMP with society and to pre-
serve the innovative climate.  The future of science lies with
students who are currently being trained or will be trained at
our universities.  Yet, with the multidisciplinary nature of
research, academic institutions need to evaluate and, perhaps,
modify the curriculum to train students in the best way.

Narayanamurti went on to describe several actions that
must be taken to maintain and enhance the productivity of
CMMP.  The different government funding agencies need to
nurture the core research effort, modernize the CMMP re-
search infrastructure, and invest in state-of-the-art equipment.

Concerning larger facilities, the current gap between the
United States and the rest of the world in neutron science
needs to be closed by construction of the Spallation Neutron
Source and by upgrading existing reactor and spallation-based
sources.  Support of operating, and upgrading existing, syn-
chrotron sources and investment in the next generation of
synchrotron sources should be strengthened.

Incentives should be provided for partnerships among
academic, industrial, and government laboratories.  Univer-
sities need to enhance the students’ understanding of both the
role of knowledge integration and transfer and also knowl-
edge creation.

Can we predict where advances will be made?  Abso-
lutely not.  Nonetheless, it is abundantly clear that the success
achieved in CMMP has had an impact that transcends many
disciplines and has led to marked advances in completely
unexpected areas.
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ratories.  How can the national laboratories operate
as a truly integrated system working more efficiently
to address the problems of national importance?

McTague cited the four specific examples:  the
Center for Excellence for Synthesis and Processing
of Advanced Materials, the Partnership for a New
Generation of Vehicles, the Spallation Neutron
Source, and the Information Technology for the 21st
Century.  Each of these examples is based on inter-
active, collaborative efforts among several national
laboratories, which will require them to operate in a
concerted manner from the management level down
to the laboratory bench level.

McTague concluded by noting that he was cau-
tiously optimistic that the national laboratories will
be able to meet this challenge.  The laboratories may
evolve beyond being simply a collection of isolated
institutions.

Panel Discussion of the Future
of Materials R&D

The first day concluded with a panel discussion
including Cherry A. Murray, Venkatesh
Narayanamurti, Thomas Weber of the National
Science Foundation, William Oosterhuis of the De-
partment of Energy, Skip Stiles, a member of the
House Science Committee Minority Staff, and
Harlan Watson, a member of the House Science
Committee Majority Staff.

Although the members of the panel fully agreed that
CMMP has a compelling case for support, that the im-
pact of CMMP in society has been significant, and that
the importance of CMMP in industry has been and will
continue to be great, these facts are not sufficient to en-
sure the health and prosperity of the field.  Specifically,
scientists need to continually “beat the stump” with local
and national politicians, educating them on the manner in
which CMMP has had significant impact on their con-
stituents and why future funding is essential.  Although
all these arguments have been made in the past, the trans-
mission of this message has not been effective.  Even
with convincing arguments, the funding of the scientific
enterprise is still faced with the reality that spending caps
will be in place over the next 2 years and that no new
money will materialize unless these caps are lifted.  The
Frist-Rockefeller bill (S. 1305) authorizing a doubling of
research funding is a good organizational tool but will
not produce more funding and does not bind future Con-
gresses.

Materials R&D in Industry

Cherry A. Murray , Director of Research at Bell
Laboratories, Lucent Technologies, discussed materi-
als R&D in the industrial sector.  The development of
corporate research in the United States since the 1970s
has evolved from “just in case” to “just in time” to
“just indispensable.”  Without question, industrial re-
search is becoming more tightly coupled to products,
and the opportunities to conduct “blue sky” research
(i.e., research completely disconnected from the bot-
tom line) are very limited.  However, the technologi-
cal advances that have been witnessed during the past
decade now place technology in the position of push-
ing fundamental limits.  As a consequence, many com-
panies are now increasing their support of long-term
research.  To maintain a competitive edge, companies
must maintain “in-house” competencies, stimulate in-
novation, fuel growth, and broaden the product port-
folios.  But why the need for research?  Inventions,
technological expertise, and strong intellectual prop-
erty positioning are the answer.  Murray concluded
with the remark that “.  .  .  physical sciences research
is as essential as ever for leading-edge high-technol-
ogy companies.”

Changing Roles for Research Universities

J.  David Litster of the Massachusetts Institute of
Technology described the current funding transition
in which research universities are involved.  Using his
home institution as an example, Litster noted the enor-
mous pressure that universities are facing in terms of
overhead recovery rates with the flat or declining bud-
gets.  During the 1980s federal funding for student fi-
nancial aid showed a significant decrease, from 50 per-
cent to 20 percent, with the universities being left to
make up the difference.  To make up these large finan-
cial burdens, universities have turned to industrial sup-
port for research.  However, a delicate balance must
be struck, because industry is sensitive to intellectual
property and ownership, whereas universities must be
free to publish.

Changing Roles for Government Laboratories

John McTague, recently retired Vice President
of Ford Motor Company and Co-chair of the Secre-
tary of Energy’s Laboratory Operations Board, ad-
dressed the challenges that face government labo-
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Materials Education for the 21st Century

Robert P.H. Chang of Northwestern University
presented several sobering facts concerning the cur-
rent state of education in the United States and stated
the imminent need for educational reform in materials
science if the field is to remain vibrant.  From the low
number of American students attending college and
advancing on to higher degrees to the overall poor per-
formance of American children in international test-
ing and the dearth of teachers trained in materials sci-
ence, the outlook for the future of materials science
must be of concern to every materials scientist at all
institutions—academic, industrial, and government.
Materials science, essential in our everyday lives and
vital to our future, still has a very low profile in sec-
ondary education.  Materials science is an ever-chang-
ing discipline with new areas continually emerging, and
it is necessary for academic institutions to shift in a
commensurate time frame.  Although easily said, this
is difficult to realize given the slow rate at which aca-
demic institutions can change.  Consequently, existing
resources, such as the Materials Research Science and
Engineering Centers and Science and Technology Cen-
ters funded by the National Science Foundation, must
be used to best advantage.  Outreach programs of the
centers serve K-12 education needs.  Although these
programs are effective, they are simply not enough.
Chang’s studies indicate that the middle school and
high school years are a particularly crucial time in the
educational development of children.  At this age, many
students lose interest in materials science, and we must
ask ourselves why this occurs and how materials sci-
ence education can bridge the gap between high school
and college.

Chang concluded that all materials science initia-
tives must undertake to foster greater awareness of  the
importance of materials science education, introduce
materials science at the high school level to enhance
mathematics and science education, and get teachers
involved in materials science education.

Meeting the Challenge in Neutron Science

Thom Mason, Science Coordinator for the Spalla-
tion Neutron Source at Oak Ridge National Labora-
tory, outlined the status of this $1.3 billion project that
involves an integrated effort from the five national labo-
ratories.  The history of neutron sources has been

marked by several key threshold points.
In particular, for neutron scattering, the develop-

ment of the graphite reactor at Oak Ridge, the National
Research Universal reactor in Canada, and the devel-
opment of neutron waveguides marked significant
breakthroughs in the use of neutrons for materials re-
search.

We stand now on another threshold with the planned
construction of the Spallation Neutron Source at the
Oak Ridge National Laboratory.  This will be the
world’s most powerful pulsed neutron source.  It will
enable qualitatively new and different science in disci-
plines ranging from materials science to biological sci-
ences.  The Spallation Neutron Source will offer nearly
one order of magnitude enhancement in the neutron
flux on the sample over existing spallation sources and
will open new areas of materials science.

Is the pathway straightforward and without ob-
stacles?  Any effort that involves five different national
laboratories and that requires each component con-
structed at the different laboratories to operate perfectly
and to mesh with exceptional precision will not be
straightforward.  The construction of the Spallation
Neutron Source is technically difficult.  And the coor-
dination of five different laboratories operating under
severe budget constraints poses a significant manage-
rial challenge.  Nonetheless, the future of materials
science based on neutrons rests on the Spallation Neu-
tron Source.  It is absolutely imperative for the scien-
tific well-being of the nation that the Spallation Neu-
tron Source be successfully completed on time and
within budget.

Toward a Fourth-Generation Light Source

David E. Moncton, Director of the Advanced Pho-
ton Source, Argonne National Laboratory, described
the advances that have been made in the x-ray flux with
the developments in synchrotron radiation sources and
the science that these sources have enabled.  The de-
velopments of these sources have been driven by the
urgent and compelling needs of science.  In turn, the
massive increases in flux have also opened unexpected
areas of science.

Fourth-generation sources offer spectacular gains
in flux and brilliance; large quantitative improvements
in beam coherence, timing, and dynamics; and large
qualitative improvements in photon degeneracy over
current sources.  Such sources hold opportunities in

Materials Education and Infrastructure
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tellectual challenges are left when one considers the
physics of well-known objects, such as atoms, that in-
teract via well-defined and well-understood electro-
magnetic forces.  Superconductivity, superfluidity, and
the fractional quantum Hall effect are three recent ex-
amples of surprises lurking in familiar systems.  These
phenomena underscore the fact that the quantum me-
chanics of large collections of objects can be unusual
and unexpected.  Emergent phenomena, such as phase
transitions and broken symmetries, often appear in
large collections of objects.  These pose significant
theoretical and experimental challenges to condensed-
matter and materials physicists, because materials con-
structed from a large collection of atoms routinely have
completely unexpected properties.

Nonequilibrium Physics

James S. Langer of the University of California,
Santa Barbara, treated the subject of nonequilibrium
physics—the physics of materials not in mechanical
or thermal equilibrium with their surroundings.  Al-
though the Brinkman report recognized the importance
of nonequilibrium behavior, some of the most impor-
tant areas where nonequilibrium behavior is critical
were completely overlooked.  Areas that have emerged
include topics ranging from friction and fracture to
granular materials to ductility.  Each of these rather
familiar areas provides a prime example in which
nonequilibrium physics plays a key role.  One goal of
nonequilibrium physics is to quantify the relationship

enabling a tremendous amount of research across the
nation, and provide capabilities far beyond that afforded
by the laboratory of an individual researcher.

Maintaining and upgrading these facilities is by no
means inexpensive.  Operating costs upwards of $1
million with replacements costs of over $2 million an-
nually is not uncommon.  Yet, the number of mecha-
nisms that such centers have for obtaining the neces-
sary funding is limited.  Many are situated at NSF-
supported Materials Research Science and Engineer-
ing Centers, Science and Technology Centers, and
Engineering Research Centers or Department of En-
ergy-supported Materials Research Laboratories.  Al-
though such centers have proven to be important, open-
ing different avenues for support and maintenance of
these centers is critical.

atomic and molecular physics, biology, chemical phys-
ics, materials science, high-field physics, and soft mat-
ter physics.

Smaller Facilities—Opportunities and Needs

J. Murray Gibson, University of Illinois, addressed
an often overlooked, yet essential component of mate-
rials science research, namely, the smaller facilities that
include, for example, electron microscopy facilities,
ion beam facilities, and mass spectrometry facilities.
These facilities lie in the intermediate funding range,
being too expensive for any single investigator to con-
sider for funding, yet too small to capture the attention
on a national level.  However, these facilities perform
an exceptionally vital role in materials science research,

The Science of Modern Technology

This topic was discussed by Paul Peercy of SEMI/
SEMATECH.  Although the scientific discoveries over
the past decade have been both unexpected and im-
pressive, equally impressive have been the technologi-
cal advances based on our increased understanding of
the physics, chemistry, and processing of materials.
These insights have enabled modern technology to keep
pace with, if not exceed, the expectations set by
Moore’s Law.  Scientific understanding has not only
demonstrated the feasibility of advances in technol-
ogy but also led the way to producing devices in a high-
volume, low-cost manner.

Today’s technological revolution would not be pos-
sible without this basic understanding.  This fact holds
true for industries across the board, ranging from semi-
conductors to communications to commodity poly-
mers.  To keep pace, continued research in the optical,
electrical, and magnetic properties of materials must
continue.  As size scales shrink, nanostructured mate-
rials, artificially structured materials, self-assembled
systems, and biologically based systems will become
increasingly important for future advances.

Novel Quantum Phenomena in
Condensed-Matter Systems

Steven M. Girvin from Indiana University pre-
sented a lecture focused on novel quantum phenom-
ena.  He dispelled the notion that few surprises or in-

Materials R&D—A Vision of the Scientific Frontier
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between precision and predictability.  Nonequilibrium
phenomena continually come to the foreground in the
understanding of the response of a material to an ap-
plied external field or its ultimate properties.  With in-
creasing interactions between different disciplines, it
is evident that nonequilibrium phenomena will increase
in importance.

Soft Condensed Matter

V. Adrian Parsegian of the National Institutes of
Health underscored the importance of condensed-mat-
ter and materials physics to the biological community
and the general importance of cross-disciplinary re-
search.  One can look at the advances that have been
made with high-powered synchrotron and neutron
sources where advances in one field have a significant
impact on another.  As discussed previously by
Cassman, the number of protein structures that are be-
ing solved has increased by a large factor through ad-
vances developed by the synchrotron community.
However, it is not sufficient simply to offer the most
sophisticated instrumentation.  At present, physicists
are simply off the radar screen of most biologists, where

the former are considered as being insular and paro-
chial.  It is necessary to establish a dialog between the
different communities.  Doing so, however, will re-
quire an education of both physicists and biologists that
will increase the awareness of the two communities of
each other and, thereby, stimulate interactions.

Fractional Charges and Other
Tales from Flatland

Horst Störmer of Bell Laboratories and Columbia
University, who recently shared the 1998 Nobel Prize
in physics with D.C. Tsui and Robert Laughlin for their
discovery of the fractional quantum Hall effect, ad-
dressed the forum with his “Tales from Flatland” where
electrons can move along a two-dimensional surface,
being confined in the third dimension, and carry a frac-
tional charge.  Fractional charges arise when a two-
dimensional gas of electrons becomes highly correlated.
In an animated presentation, Störmer took the forum
attendees through the initial discovery of the quantum
Hall effect to experiments performed under very high
magnetic fields where fractionally charged excitations
are observed.
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Keynote Address:  Unlocking Our Future

Laura Lyman Rodriguez
Office of Representative Vernon Ehlers

Four main theses were developed in the report:

1. Our science policy is outdated.
2. The U.S. public does not understand science or

its practice.
3. Scientists are politically clueless.
4. Our nation needs:

– Better science, mathematics, engineering
and technology education;

– A new concise, coherent, and comprehen-
sive science policy; and

– Socially responsible and politically aware
scientists.

The report identified the following four major areas
as needing attention:

1. Continued discoveries at the scientific frontier;
2. Research advances in the private sector;
3. Integration of science and decisionmaking

through both the regulatory and judicial systems;
and

4. Improvement of science education.

Fundamental research is of primary significance be-
cause it will drive many of the innovations that can make
the vision of better and healthier lives a reality.  This re-
search depends largely on funding from the federal gov-
ernment—funding that must be stable, substantial, and
of high priority.  The report strongly endorses the need
for a major federal role in funding individual investiga-
tors for pursuit of fundamental research in the sciences,
mathematics, and engineering.  The goal of the report is
to strengthen the basic research enterprise in the country.

The Federal Level

Interdisciplinary research is becoming increasingly
important and must be supported at the  federal level.
Because interdisciplinary research does not fit neatly into
a specific funding category, it can fall through the cracks
in our current system of funding.  Therefore, mechanisms
should be established to support this research as an im-

In 1945, Vannevar Bush outlined the national sci-
ence policy under President Franklin Roosevelt with
the publication of “Science—The Endless Frontier.”
The policy outlined by Bush was comprehensive.
Among other things, it addressed the status of sci-
ence in the nation and defined areas of national need
in science.  Subsequent Administrations followed
this policy without major modifications.

Although the policy has lasted more than 50
years, there have been sweeping changes in its so-
cial context.  The Cold War is over, the Soviet Union
no longer exists, and we are in the midst of an un-
precedented revolution in technology.  To address
science policy in light of these changes, the Speaker
of the House requested a study in mid-1997.  The
report of this study was released on September 24,
1998, and was approved by the full House of Repre-
sentatives on October 8, 1998.

Representative Vernon Ehlers, the first research
physicist elected to Congress, was chosen to lead
the study.  During his investigation, Representative
Ehlers received input from over 10,000 scientists
nationwide.  This wide base of expertise enabled him
to produce a dramatic new vision for science and
technology.  Although some of the points made in
the report may seem obvious to the practitioners of
scientific research, it was written for Congress and
serves as a framework for future funding and policy
discussions.  The report is not meant as an end.

Congressman Ehlers’ goal and vision is for the
United States to maintain its preeminent status in
science and technology—not just to provide oppor-
tunity for U.S. scientists but to improve the lives,
health, and freedom for people everywhere.  He be-
lieves it is our responsibility, as the sole remaining
superpower, to use our leadership in science and
engineering for the betterment of the world.  How-
ever, for science to continue to benefit society, the
scientific enterprise must stay strong and be sustain-
able.  The recommendations in the report are meant
to provide a framework in which the continued
strength and sustainability can be achieved.

NOTE:  This  article was prepared from written material
provided to the Solid State Sciences Committee by the
speaker.
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• R&D tax credit should be made permanent.  The
uncertainty about the existence of a tax credit
from year to year inhibits innovative, long-term,
multiyear research in the industrial sector.

• Regulations that are needlessly burdensome must
be streamlined.

• Partnerships between government, academic, and
industrial laboratories must be promoted.

Education

Development of the nation’s intellectual capital in sci-
ence and mathematics is vitally important to ensure a
bright future for the United States.  The report recom-
mends changes at all levels of education—from K-12
through graduate school.  Teacher training, the retention
of qualified teachers, curricula, and research at the K-12
level are addressed in the report.  The report also stresses
the need for a diversified education.  In particular, at the
graduate level, students can no longer be trained exclu-
sively for careers as academic researchers because the
majority of Ph.D. graduates will pursue careers outside
of academia.  Communication between the scientific es-
tablishment and the lay public must also be improved.
Although the freedom of the individual researcher is nec-
essary to bring about ground-breaking discoveries, it is
crucial that the scientific and engineering communities
strengthen their ties to society and to the taxpayers who
ultimately support their research.

The report recognizes and underscores the idea that
science helps us make everyday decisions—as a society,
as a government, as individuals, and as voters.  The abil-
ity to draw on science and engineering to facilitate the
decision-making process must be strengthened.  If a more
civic-minded mentality is adopted and if policymakers
reach out to communities, the quality of decisions and
policies related to scientific research can be improved.

General Remarks

Congressman Ehlers set out to write a document that
was concise, coherent, and comprehensive.  Because of
these constraints, in-depth treatments of specific aspects
of the scientific enterprise were not possible.  Rather, the
report is a “broad brush” view of the entire science and
engineering landscape.  It is intended to be the begin-
ning of a process and not the end of one.  For example,
the report is the first step in a long-term process in
which Congress will focus on the national science
policy with reviews at least every 5 years.  The work
to address specific science policy issues must emerge

portant part of the federal basic research portfolio.
The balance of funding between different disciplines

must also be addressed.  Prosperity, health, and security
are the result of breakthroughs in a diversity of disciplines.
Moreover, advances in one area of science often depend
on advances in completely different research areas.

Exploratory research ideas that are creative and truly
represent a leap in thinking must be supported.  As re-
search funding becomes more competitive, strictly fund-
ing “safe” incremental research at the expense of more
risky ideas must be avoided.  A fraction of the federal
research funds must be set aside for this purpose.

The discretionary budget, the source of all federal sci-
ence funding, is shrinking.  Controlling this reduction or
turning it around requires controlling entitlement spend-
ing.  Entitlement programs, such as Social Security and
Medicare, need reformation because they can consume
any surplus that is generated.  In 1962, entitlements used
25 percent of the budget, whereas now the amount is 50
percent.  Without control, this percentage will increase,
such that, by 2010, all revenues will be spent on entitle-
ments and interest, leaving nothing for defense and do-
mestic discretionary spending.  The current surplus of
federal funds adds a twist to the overall budget strategy
but does not alter the fact that discretionary restraints must
be incorporated.

The Private Sector

Research in industry is important for harvesting the
fruits of basic research that benefit society.  New find-
ings can rarely, if ever, be brought directly from the labora-
tory bench to a salable item.  The gap between basic re-
search and industry-driven applied research or product
development is referred to as the “valley of death.”  As
academic research becomes more basic, applied research
is shifting more and more toward product development,
thus broadening the gap between the two worlds.  It is in
this netherworld where discoveries that may be very ben-
eficial for society are lost or forgotten.  The bridges or
pathways between the two do not follow a straight trajec-
tory but have a complex, interactive relationship.  Conse-
quently, truly innovative research in industry is absolutely
necessary and must be encouraged.  To attain this goal,
the following policies should be pursued:

• Young startup companies must be encouraged,
because they often pursue research that is far
more basic than applied.  Capitalization of these
companies is critical and tax policies must be
enacted that support this.
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from the continuing review.  Representative Ehlers
intends to begin the congressional dialog on science
policy during the 106th Congress.

In the words of the Ehlers report:

We must ensure that the well of scientific discov-
ery does not run dry, by facilitating and encouraging
advances in fundamental research.

We must see that this well of discovery is not al-
lowed to stagnate.

We must strengthen both the educational system
we depend upon to produce the diverse array of people
. . . who draw from and replenish the well of discov-
ery, as well as the lines of communication between
scientists and engineers and the American people.
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I.  Materials and the Federal Role

Perspectives from the Office of Science and Technology Policy
Arthur Bienenstock

Associate Director for Science, Office of Science and Technology Policy

Arthur Bienenstock provided a perspective on the
Clinton administration’s science policy and fiscal year
2000 science and technology budget submission, with
particular emphasis on new initiatives and opportunities
in the materials sciences.  He reiterated the
administration’s commitment to the federal role in sci-
ence, quoting from the 1997 Office of Science and Tech-
nology Policy report, Science and Technology Shaping
the 21st Century, “The Administration is unequivocally
committed to maintaining leadership across the frontiers
of scientific knowledge.”

The President  and Vice President invoke two
overarching themes in articulating their broad support for
science:

• The fact that technology and the underlying sci-
ence are responsible for over one-half of pro-
ductivity increases over the past 50 years; and

• The importance of the interdependencies of the
sciences (e.g., the dependence of the biomedical
sciences on advances in natural science, math-
ematics, and engineering).

This support is seen in the Administration’s fiscal year
2000 budget submission, which shows substantial in-
creases for scientific research at the National Institutes of
Health (NIH), National Science Foundation (NSF), De-
partment of Energy (DOE) Office of Science, National
Aeronautics and Space Administration (NASA), and U.S.
Department of Agriculture.  Included in these increases
is $366 million for an Information Technology Initiative,
$214 million for construction of the Spallation Neutron
Source, and $50 million for an Interagency Education
Research Initiative.

The Information Technology Initiative increases fed-
eral investments in fundamental information technology
research, advanced computing for science and engineer-
ing, and research in the social and economic implications
of the information revolution.  Support is also provided
for the education and training of the U.S. information tech-
nology work force.  This initiative is led by NSF with
significant involvement by the Department of Defense,
DOE, and NASA.

Bienenstock reviewed progress toward implementing
the goal of S. 1305, authorization legislation that calls for
a doubling of the federal investment in science over the
next 12 years.  The NIH R&D budget increased signifi-
cantly in fiscal year 1999 and is on a path toward achiev-
ing this goal in less than 12 years.  The non-NIH civilian
R&D budgets have not experienced such growth and have
been essentially flat in recent years.  One of the outstand-
ing challenges is how to place federal investment in R&D
on a growth curve within the current budget caps.

To demonstrate the interdependence of the sciences,
Bienenstock reviewed the development of x-ray research
leading to the modern computerized axial tomography
(CAT) scan.  X-rays were discovered in 1896, and their
importance for diagnostic and therapeutic radiology was
almost immediately recognized.  X-ray crystallography
was awarded the Nobel Prize in Physics in 1915, and many
related Nobel prizes have followed, particularly in pro-
tein crystallography.  Why, then, did it take so long to
develop the CAT scan?  Although the concept was un-
derstood, the CAT scan could not be realized until paral-
lel advances in computers, detectors, and image process-
ing were achieved.  These advances required investments
in solid state physics and engineering, materials science,
and mathematics and computer science.  The CAT scan
is not an x-ray advance.  It is the result of a broad integra-
tion of science across several disciplines—an integration
that could not have been achieved without broad leader-
ship “across the frontiers of science.”

Bienenstock closed his presentation by stressing the
importance of the federal role in supporting a broad range
of research.  The importance of recognizing the interde-
pendence of research is clearly apparent in condensed-
matter and materials physics, where advances often oc-
cur at interfaces with biology, chemistry, atomic physics,
materials science, and the engineering disciplines.
Bienenstock encouraged the condensed-matter and ma-
terials physics community to advocate support for a broad
range of research.  He also urged the community to be-
come engaged in the emerging dialog concerning post-
Social Security federal budget priorities.  Competing pri-
orities include broad tax cuts and investments in the fu-
ture such as research and education.  The R&D commu-
nity has a large stake in the outcome.
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ences Advisory Committee on Department of En-
ergy Synchrotron Radiation Sources (the Birgeneau/
Shen Report) clearly states the desirability of re-
stricting the operation of the sources to only one
funding agency.  Using multiple funding agencies
to operate a single source would lead, in the opin-
ion of the report, to duplication of effort, unneces-
sary complication of operations, and inefficiency.
Yet, the dilemma stands as to the partitioning be-
tween different agencies of funding for these
sources, for supporting staff scientists, and for in-
strumentation.

A study that was recently released from the Of-
fice of Science and Technology Policy addresses this
issue.  The working group that produced the report
consisted of representatives from the NIH, DOE, the
NSF, and the National Institute of Standards and
Technology.  Some of the more important findings
of this study are discussed below.

How can this rapid expansion in protein crys-
tallography be supported?  It is clear that existing
facilities are being stretched to their limit in terms
of the staff scientists.  It is inconceivable that cur-
rent staff levels can support increased demand.  Con-
sequently, enhancing the number of the staff and the
number of staff capable of interfacing with the bio-
logical community is imperative.  In particular, it
should be possible for a biologist, totally unfamil-
iar with diffraction methods, to determine the crys-
tal structure of a newly isolated protein without hav-
ing to spend years in developing an effort in crys-
tallography.  Along with this, improved access pro-
cedures to existing sources need to be established.
Procedures need to be set in place where nonspe-
cialists can perform experiments at the sources and
walk away with a crystal structure in a easy and
straightforward manner.

Although many advances have been made in
the sources, advances in experimentation require
parallel advances in the supporting equipment.  This
includes advances in the detectors, the
diffractometers, and the ancillary equipment.  If the
efficiency in detecting diffracted x-rays does not
keep pace with the advances made to the source,
then what has been gained?  Similarly, if the limit-
ing step in data accumulation rests with the

The interplay between the biological sciences
and solid state sciences is clearly manifest in the
rapid acceleration of the number of crystal struc-
tures of proteins that are being determined.  Over
the course of 10 years, 1987-97, for example, the
number of protein crystallographic structures that
have been deposited in the Protein Data Base has
increased from tens to thousands.  This rapid in-
crease in the number of structures has been made
possible, in part, by the improvements in x-ray syn-
chrotron sources.  Over this period, the x-ray bright-
ness has increased by orders of magnitude—from
first-generation sources, like the Stanford Synchro-
tron Radiation Laboratory, to second-generation
sources, like the National Synchrotron Light Source
at the Brookhaven National Laboratory, to third-gen-
eration sources, like the Advanced Photon Source
(APS) at the Argonne National Laboratory.  At
present, within a 90-minute experiment at the Ad-
vanced Photon Source, sufficient data can be col-
lected to determine a structure.  The rate-limiting
step in a structural determination is the ability to
produce a high-quality crystal.  Although x-ray
brightness is a key element in the massive increase
in the number of crystal structures determined, the
need and desire to know the spatial distribution of
chemical entities as well as the realization that dis-
tribution underpins the functionality of the protein
have also been of critical importance to this growth.

This coupling of the need from the biological
community with the advances in the x-ray sources,
constructed primarily for solid state science research
using traditional funding sources like the Depart-
ment of Energy (DOE) and the National Science
Foundation (NSF), has provided a synergy that is
virtually unparalleled.  The excitement over such
advances comes at a cost.  It is very apparent that
biologists are becoming increasingly heavy users at
the synchrotron sources, which draw their opera-
tional costs from the physics and materials sciences
at the DOE and the NSF.

This raises an important question as to how
funding from the National Institutes of Health (NIH),
the primary funding agency of biological research,
can be introduced effectively and efficiently into the
picture.  The recent report of the Basic Energy Sci-

Perspectives from the National Institutes of Health

Marvin Cassman
Director, National Institute of General Medical Sciences

National Institutes of Health
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 Perspectives from the U.S. Department of Energy

Martha Krebs
Director, Office of Science
U.S. Department of Energy

diffractometer, be this in the movement of stepping mo-
tors or in its alignment, then are the enhancements in the
flux being used effectively?  Consequently, there is a con-
tinued need to support R&D efforts for improvements to
instrumentation.

With the large growth in biological activity in the
United States and worldwide, the importance of the quan-
titative determination of protein crystal structure, and the
demand that is being placed on current facilities, the ex-

pansion of existing crystallographic capabilities is criti-
cal to the further growth of the field.  One needs only
view the Advanced Photon Source, where there is a large
percentage of remaining sectors in the ring dedicated to
protein crystallography, to get a feeling for the demand.
Even with the APS, crystallographic facilities at the dif-
ferent light sources across the country need to be increased.
If current trends persist, even large increases may not be
sufficient to satisfy the demand.

The Department of Energy (DOE) is the second larg-
est source of federal support for basic and applied re-
search with a total budget of $4.4 billion and is the largest
provider of R&D facilities.  The DOE is the top supporter
of the physical sciences including materials R&D.  The
DOE share of materials research rose from 35 percent of
total federal support in 1998 to 42 percent in 1999 with a
total budget of $780.9 million.

Nondefense basic research is managed by DOE’s Of-
fice of Science (SC), which accomplishes its mission pri-
marily through support of multiprogram laboratories and
research facilities and also through support of university
research at a level of $478 million per year and industry
at $126 million per year.  Apart from a dramatic decrease
of funding for major facilities in the period 1994-97, SC’s
research budget has roughly tracked the cost of living
over the last decade.  Facilities funding is at a historic
high in the fiscal year 2000 budget request, which in-
cludes provisions for the Spallation Neutron Source.

In addition to the operation of major research facili-
ties, the Materials Science Division supports a balanced
portfolio of materials research including:

• Structure and dynamics of solids, liquids and
surfaces;

• Electronic structure;
• Surfaces and interfaces;
• Synthesis and processing science;
• Predictive theory, simulation, and modeling;

• Structural characterization at the angstrom level;
and

• Mechanical and physical behavior of materials.

It is difficult to enhance base support for research with-
out a distinguishable national initiative.  This political
reality is particularly important for materials because there
is no intuitively apparent credible national problem that
requires a major initiative in materials research.  DOE
has played a major role in national initiatives regarding
global climate change, the human genome project, and
the new Scientific Simulation Initiative.

SC captures its research under four themes that reflect
its basic research, energy, environmental, and facilities
missions:

1. Exploring energy and matter;
2. Fueling the future;
3. Protecting our living planet; and
4. Using extraordinary tools for extraordinary sci-

ence.

Given the high cost of construction and operation of
national facilities, facilities initiatives necessarily stress
the base research efforts.  Nevertheless, these facilities
have historically prevented erosion of the base research
and have served as the basis for revitalization of DOE’s
mission as national priorities evolve.
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Perspectives from the U.S. Department of Defense

Hans Mark
Director of Defense Research and Engineering

U.S. Department of Defense

The Connection Between Basic Science and
Critical Technologies for War

That the possession of superior technology leads to
victory in war has been a basic axiom ever since people
started to fight wars and then to write history.  What
has not always been clear is the connection between
this superior technology and basic knowledge that is
the result of fundamental scientific research.  This re-
lationship was not fully recognized in Europe until the
beginning of the 15th century.  Perhaps the leading fig-
ure in establishing this all-important connection was
Prince Henry of Portugal, who was the first to apply
basic scientific knowledge to the technology of seafar-
ing.  In 1420, Henry established what today would be
called a multidisciplinary, mission-oriented research
center near Sagres in southern Portugal.  There, he col-
lected mathematicians, astronomers, and geographers
who provided basic knowledge to navigators, sea cap-
tains, shipwrights, coopers, sailmakers, and other crafts-
men.  It was this work that made the rapid exploration
of the world possible in the following century [1].

The French Experience

The contributions of French scientists have been
especially important in the development of new knowl-
edge through basic research, with a subsequent appli-
cation to the enhancement of military strength.  Napo-
leon Bonaparte, as an artillery officer, knew firsthand
the valuable contribution of technology toward victory.
What was more important, he cultivated friendships
with the very best scientists of the day, including Jean
Baptiste Joseph Fourier and Pierre Simon Laplace.
Bonaparte also left a legacy that has had far-reaching
consequences—a system of military education that re-
sulted in the creation of a generation of distinguished
scientists and mathematicians.  Probably the most emi-
nent early product of this system was Augustin Louis
Cauchy.

France also led in the introduction of aeronautical
technology to warfare.  The Montgolfier Brothers in-

vented the hot air balloon in the last years of the 18th
century.  At the battle of Fleurs in Maubeuge in 1794,
the French used balloons for surveillance of the battle-
field for the first time.  Their employment proved de-
cisive in this engagement, and since then air power has
become a major factor in war [2].

New Areas of Basic Research

During a recent meeting with the Defense Science
Board, which is a senior advisory committee to the Sec-
retary of Defense on basic research and technology, I
outlined the following four areas in which I thought
that more research was needed.

1. Strange Molecules

In the past decade, a number of complex molecular
structures have been discovered that were not antici-
pated.  There is, for example, the molecule containing
60 carbon atoms in a spherical structure called the
“bucky ball.”  The discoverers of this molecule and
others of this kind were awarded the Nobel Prize in
Chemistry in 1996 [3].  Perhaps even more important
than the bucky balls are nanotubes, long tubular struc-
tures of carbon atoms that have cage-like walls formed
when two-dimensional sheets of carbon atoms (called
graphene) are rolled into a tube.  The tubes have diam-
eters that range from 1 to 10 nm and can be either con-
ductors or semiconductors, depending on that diam-
eter.  These structures may provide the way out of the
quantum limits on silicon devices and allow compo-
nents of one to two orders of magnitude smaller than
present limits.  This would have obvious military ap-
plications in guidance of small arms munitions, un-
manned microaircraft, microspacecraft, and
microsensors [4].

2. Chaos or Complexity Theory

About a century ago, the distinguished French math-
ematician Jules Henri Poincaré was the first to identify
evidence of chaotic behavior in deterministic systems.
He examined the proof given by Laplace of the stabil-
ity of the solar system and found that it was not rigor-
ous because Laplace had used a Fourier series that was

NOTE:  This article was prepared from written material
provided to the Solid State Sciences Committee by the
speaker.
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only conditionally convergent.  Poincaré went further
and showed that even though the solar system was
governed by deterministic equations, these some-
times had solutions that exhibited chaotic behavior
[5].  Later, it was established that this is a general
property of nonlinear systems, and we are just be-
ginning to understand chaotic behavior.  It is hoped
that complete understanding will allow development
of a theory with both descriptive and predictive
power [6].  Because all systems are ultimately non-
linear, an understanding of this behavior will likely
have the broadest possible application.  In terms of
military applications, these will probably range from
improving weather predictions to guiding tactical
decisions on the battlefield.

3. Software Development

Almost all advanced weapons systems depend on
computers to guide and control them.  These com-
puters are in turn controlled by operating systems
that depend on the construction of appropriate “soft-
ware.”  Problems in developing software for these
computers have in recent years been responsible to
a large extent for the delays and cost growths expe-
rienced in the development of advanced weapons.
The question is whether new techniques for creat-
ing software could be developed to alleviate these
problems.  Developments are being studied today
that might make it possible for large computers to
partially program themselves in an evolutionary or
Darwinian manner.  It is possible that these tech-
niques could lead to automation in the area of com-
puter programming, just as the manufacturing of
hard goods has been automated by the application
of computer-controlled robots.  Once again, the
achievement of practical results of importance to the
military will depend on fundamental research in this
area [7].  The hope is that by automating software
development, some of the costly problems that have
been encountered in many complex weapons pro-
grams can be reduced or eliminated.

4. High-Power Electrical Devices

The computer revolution was generated by the
application of quantum mechanics to solid state
physics.  Almost all of the applications that resulted
from the detailed understanding of the solid state
resulted in new devices that involved low electrical
power levels.  This situation has now changed; we

are entering an era in which new understandings of
high-temperature plasmas and nonlinear materials
that can handle very-high power densities have
opened up new vistas.  This is the new knowledge
that we are attempting to apply in the development
of electromagnetic guns.  There is every reason to
believe, in my opinion, that such weapons will come
into existence in the first decade or two of the next
century and that they may have decisive military
effects [8].  New high-energy laser weapons, both
airborne and space based, require a detailed under-
standing of the behavior of high-density plasma
flowing in supersonic jets.  In addition, optical sys-
tems that can handle very-high intensity light beams
and still retain extremely accurate dimensional tol-
erances are necessary.  Weapons of this kind are now
under development and will, I believe, also be deci-
sive in future conflicts.

Role of the Universities in Basic Research

The modern research university, which evolved
in Europe during the 19th century, is today the most
effective institution for the creation of new knowl-
edge.  In the United States, the Department of De-
fense sponsors basic research in many universities.
This work is supported by a system of grants and
contracts that has been in place for almost half a
century, with the research subject to normal aca-
demic review to assure quality.  The classic example
of work of this kind was the discovery of fission in
1938 by two German professors, Otto Hahn and Fritz
Strassmann, working at the University of Berlin [9].
Seven short years later, this discovery led to the
nuclear weapon used at Hiroshima that brought about
the end of the Second World War.  That this devel-
opment was achieved in such a short time was due
in large part to a number of American professors
including J. Robert Oppenheimer and Ernest O.
Lawrence of the University of California, Berkeley,
who initiated fundamental research in nuclear phys-
ics during the 1930s.

Another good example of a decisive military de-
velopment was radar, a British invention shared with
U.S. scientists in 1940.  A group of U.S. scientists
at the Massachusetts Institute of Technology fur-
thered the development of radar such that small and
robust units could be placed on ships and airplanes.
This proved to be decisive in many naval and air
engagements during the Second World War.

Following the end of the war, U.S. research uni-



Copyright © National Academy of Sciences. All rights reserved.

Materials in a New Era: Proceedings of the 1999 Solid State Sciences Committee Forum
http://www.nap.edu/catalog/9737.html

20

versities were encouraged by the Department of
Defense to establish research institutes in order to
concentrate resources and focus the research on top-
ics that are most likely to be of interest to the mili-
tary.  Examples of these institutions include the
Applied Physics Laboratory at Johns Hopkins Uni-
versity sponsored by the Navy, the Lincoln Labora-
tory at the Massachusetts Institute of Technology
sponsored by the Air Force, and the Institute for
Advanced Technology at the University of Texas at
Austin sponsored by the Army.  These research in-
stitutes are able to draw on the very best scientific
talent in some of the most outstanding research uni-
versities in the United States.  In addition, many of
the brightest young people are drawn into scientific
research that could affect our military posture.

The results that have been obtained in such insti-
tutions have had far-reaching consequences.  Radar,
lasers, solid state electronic devices, novel optical
fire control systems, and various other technologies
of this kind would not exist were it not for the work
done at many U.S. universities.  Thus, the system of
university-based research that has been developed
has been proven effective.  It is a most important
component that helps to ensure the national secu-
rity of the United States.

Concluding Remarks

It is essential that the U.S. military continues to
receive the best possible scientific advice.  The De-
partment of Defense will continue to support basic
research and will encourage the Defense Research
Board to concentrate on such issues in the future.
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Perspectives from the National Institute of Standards and Technology

Raymond G.  Kammer
Director, National Institute of Standards and Technology

Technology Administration
U.S. Department of Commerce

Program (ATP, which supports cost-shared work on
high-risk technologies), the Manufacturing Extension
Partnership (a series of local resources to support tech-
nology application in small manufacturers), and the
Malcolm Baldrige National Quality Program.  The
MSL programs in areas relevant to condensed-matter
and materials physics (CMMP) are funded at an an-
nual level of $100 million out of a total budget of  $285
million, while ATP awards in these areas have pro-

Materials and NIST:  Today and Tomorrow

The primary mission of the National Institute of
Standards and Technology (NIST) is to promote U.S.
economic growth by working with industry to develop
and apply measurements, standards and technology, and
related scientific research areas.  We do this through
the Measurement and Standards Laboratories (MSLs,
performing internal R&D), our Advanced Technology
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vided R&D funding of more than $200 million out of
$1,390 million since the beginning of the program.
Thus, NIST has a large investment in the area of
CMMP, reflecting the central role that materials re-
search plays in the future of the modern high-technol-
ogy economy.

CMMP-related research at NIST is performed in
virtually all areas of the MSLs, including the Physics,
Chemical Science and Technology, Materials Science
and Engineering, Building and Fire Research, and Elec-
tronics and Electrical Engineering Laboratories.  The
research projects are quite varied, covering a wide range
of materials and dimensions, with an increasing em-
phasis on soft materials and materials-by-design efforts.
Several NIST scientists have recently been recognized
for their work in this area, including William Phillips
who in 1997 was awarded a share of the Nobel Prize in
Physics for his work on laser cooling of atoms (work
instrumental in the production of Bose-Einstein con-
densation); John Cahn, who this year was awarded the
National Medal of Science for his seminal work on
quasi crystals and spinodal decomposition; and Charles
Han who this year was awarded the High Polymer Prize
of the American Physical Society.  Some examples of
NIST internal research will help to convey this breadth.

The NIST Polymers Division is the oldest and likely
the best polymer research center in the federal govern-
ment.  The scientists of this division conduct a broad
range of research in polymers, including measurements
of the properties of polymer blends, which are the key
to high-performance plastics with tailored properties.
As one example, they study mixing, isotropic struc-
ture formation, and the effects of shear fields on phase
equilibria in real time, using neutron, x-ray, and light-
scattering and microscopy techniques.  The informa-
tion obtained is critical in understanding the industrial
processing of these important materials.  NIST re-
searchers are also heavily involved in semiconductor
metrology—an increasingly important activity as de-
vice size is decreased.  In addition to producing Stan-
dard Reference Materials, we are developing atomic-
scale measurements in which electrical measurements
are conducted on test structures made in single crystal
silicon, which are then referenced to atomic layers.  This
will allow development of extremely well-calibrated
line width measurements, directly traceable to NIST
standards.  As a final example of an area of in-house
research, NIST researchers are heavily involved in
magnetic effects, especially at the nanometer scale.  As
magnetic storage density is pushed ever higher, the
ability to perform such measurements will become in-

creasingly important.  For example, NIST has recently
constructed a low-temperature (2 K) scanning tunnel-
ing microscope with both high magnetic field capabil-
ity and in situ molecular epitaxy capability for metals
and semiconductors.  This instrument will allow au-
tonomous atom-by-atom assembly of nanostructures
for research use.  On a larger scale, NIST also has a
special role in materials for civil infrastructure, includ-
ing concrete.  For example, we have a strong compe-
tence in computational materials science of concrete
and provide about 20 analytical software programs for
concrete on a Web site that is visited by over 1,000
users per month.  Among the computational models is
one that is used to calculate the rate of migration of
salt used on bridges to the reinforcing steel in the con-
crete.

In addition to this in-house work, the ATP, since its
inception, has supported a number of important mate-
rials projects in industries (often with university par-
ticipation).  This support has always come with ap-
proximately equal contributions from the participants.
With support from ATP, Non-Volatile Electronics, Inc.,
has developed and demonstrated giant magnetoresis-
tance computer memory cells, which will form the ba-
sis for nonvolatile computer memories.  Motorola and
others are helping to commercialize this application.
Texas Instruments has worked with Nanopore, Inc., a
small New Mexico company, to incorporate xerogel
insulation into an integrated chip and used that along
with copper wires to develop a new microchip fabrica-
tion technology with very exciting possibilities.  In yet
another project supported by ATP, Aastrom Bio-
sciences, Inc., of Ann Arbor, Michigan, has developed
a desktop-sized bioreactor that grows stem cells rap-
idly, thus markedly reducing the number of stem cells
that must be extracted (painfully) from the donors.  This
device is now in clinical trials and promises to cut costs
as well as reduce donor pain.

NIST also provides a number of research tools for
researchers and operates them as national facilities.  The
NIST Center for Neutron Research (NCNR) is the best
and most cost-effective neutron facility in this coun-
try, serving more than one-half the total number of
neutron users.  In 1998, the facility had more than 1,500
participants (over 800 of whom actually came to NIST)
from 50 companies, 90 universities, and 30 other gov-
ernment laboratories and agencies.  CMMP-related
measurements performed at the NCNR include the
structures of superconductors and colossal magne-
toresistance materials, the structures of lipid bilayers
and chemical films, motions of molecules and mac-
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and interest in soft materials, including biomaterials,
for applications from medicine to computation.
Another clear trend for the future is the move to the
nanometer scale in many different areas of technol-
ogy.  Magnetic phenomena will continue to grow in
importance.  To ensure that the necessary measure-
ment capabilities and standards are available when
they are needed, we must remain at the forefront of
research in all of these areas.  Many of these new
opportunities will require the best possible research
facilities, both large and small, and NIST will con-
tinue to develop, build, and operate those where we
have a special role.  In planning our future, the in-
sights contained in this report will inform and guide
our choices.

romolecules in catalysts and solutions, Standard Ref-
erence Material certification of zeolites and aero-
space alloys, and phase transitions in polymer and
magnetic thin films.  NIST intends to continue to
improve and operate the NCNR for at least the next
25 years to meet critical national measurement
needs.  NCNR scientists will also help in the devel-
opment of the instrumentation at the new Spallation
Neutron Source now being designed and constructed
at the Oak Ridge National Laboratory.

For the future, NIST research will continue in
many of the areas highlighted in the report on Con-
densed-Matter and Materials Physics that this fo-
rum of the Solid State Sciences Committee has in-
troduced.  We foresee a growing industrial use of

Perspectives from the National Science Foundation

Robert A. Eisenstein
Assistant Director, Mathematical and Physical Sciences

National Science Foundation

Materials Research and Education at NSF:
Materials in a New Era

Cautioning that many changes are currently being
considered and are under way, Eisenstein listed the
Directorates and Research Offices at the National Sci-
ence Foundation (NSF).  These include Biology; Com-
puter and Information Science and Engineering; Edu-
cation and Human Resources; Engineering; Geo-
sciences; Mathematical and Physical Sciences (MPS),
Social, Behavioral, and Economic Sciences; and the
Office of Polar Programs.  There are currently three
NSF-wide budget themes:  Knowledge and Distributed
Intelligence, Life and Earth’s Environment, and Edu-
cation of the Future.

The Division of Materials Research (DMR), which
funds a large portion of solid state science and materi-
als research, is one of the divisions in MPS; the others
are Astronomical Sciences, Chemistry, Mathematical
Sciences, and Physics.  MPS also contains an Office of
Multidisciplinary Activities, which has been quite suc-
cessful in promoting and dealing with cross-disciplin-
ary research.  The MPS $792 million request for fiscal
year 1999 is the largest within NSF, with Education
second at $683 million.  NSF’s responsibility in edu-
cational matters is large and growing.  In an effort to
better justify and explain its mission to the public, MPS
has formulated a “portfolio” that includes Fundamen-
tal Mathematics, Origins of the Universe, the Quan-

tum Realm, Molecular Connections, and Discovering
Science, the last focused on education.  Research within
MPS spans an enormous range of length scales, from
10-28 cm during the “big bang” through protons, at-
oms, viruses, and astronomical systems to the universe
at 1028 cm.  A particularly important aspect of this,
described by Moore’s Law, is the exponentially increas-
ing density of information storage with time and the
concommitant reduction of length scales associated
with current technologies.  We are rapidly approach-
ing fundamental limits set by quantum mechanics.  This
very exciting science has clear relevance to technol-
ogy.  So, what’s the problem?

The NSF budget has doubled within the past de-
cade, between 1988 and 1998.  In contrast, the budget
for MPS has increased only by 60 percent.  Put differ-
ently, the share of the NSF budget devoted to math-
ematical and physical sciences plus materials research
in engineering decreased from 29.1 percent in 1986 to
21.9 percent in 1998.  Clearly, MPS has not kept up
with the rest of the Foundation.  Where has all the
money gone?  It has gone to engineering, biology, edu-
cation, and computer science.  It is essential that we
show that MPS research has a direct impact on these
fields.  Eisenstein quoted Frederick Seitz, President
Emeritus of the Rockerfeller University, who wrote in
1987 in Advancing Materials Research,  “Perhaps what
is most significant about materials research through-
out its history is that .  .  . it tended to be a major limit-
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ing factor in determining the rate at which civiliza-
tion could advance.”

Eisenstein called attention to the National Science
Foundation Web site, http://www.nsf.gov/, which con-
tains extensive and detailed information about the NSF.
He then quickly summarized some of it.  Materials re-
search at NSF is funded as follows:  63 percent through
DMR, 14 percent each through other divisions within MPS
and in the Engineering Directorate, and 9 percent else-
where in the Foundation.  The $300 million devoted to
materials research is approximately 10 percent of the to-
tal NSF budget, $230 million of it awarded through the
Directorate of MPS.  Within DMR, 48 percent, or roughly
one-half the budget goes to research projects, 31 percent
to centers, and the remaining 21 percent to instrumenta-
tion and facilities.  Eisenstein provided additional detailed
information on the allocation of funds during fiscal year
1998 among subunits of DMR—namely, the various dis-
ciplinary subprograms, the Materials Research Science
and Engineering Centers (MRSECs), the Science and
Technology Centers, the national facilities, and the In-
strumentation for Materials Research Program.  He also
provided a list of MRSECs as well as the winners of the
most recent competition.  Information was also provided
regarding DMR partnerships with industry and business,
other agencies, government, international projects, and

professional societies.  The Division of Materials Research
supports a sizable number of people, ranging from senior
scientists to undergraduate students, as well as teachers
at the precollege level and students in educational out-
reach programs.  DMR is involved in educational issues
throughout its activities at all levels, including K-12.
These activities range from those in the MRSECs to those
in science and education modules.

Regarding the future, Eisenstein quoted Antoine de
Saint-Exupery, “As for the future your task is not to fore-
see it but to enable it.”  He listed a number of interesting
topical workshops that have been held, as well as interna-
tional materials workshops involving participation in vari-
ous combinations by U.S., Canadian, Mexican, European,
Pan American, Asia-Pacific, and African representatives.
Various facilities are under discussion; a major new fa-
cility, the Spallation Neutron Source, is currently under
construction.

Neal Lane was quoted, “It is necessary to involve
materials scientists in a new role, undoubtedly an awk-
ward one for many of them, that might be called the ‘civic
scientist.’  This role is one in which science shares in
defining our future.”  Eisenstein closed with the follow-
ing message, “Materials research has been and will con-
tinue to be an essential part of the MPS and NSF scien-
tific and engineering enterprise.”
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II.  Materials R&D in a Changing World

Report of the Committee on Condensed-Matter and Materials Physics

Venkatesh Narayanamurti
Harvard University

Chair, Committee on Condensed-Matter and Materials Physics

Condensed-matter and materials physics (CMMP)
plays a central role in many of the scientific and tech-
nological advances that have changed our lives so dra-
matically in the last 50 years.  CMMP gave birth to the
transistor, the integrated circuit, the laser, and low-loss
optical fibers so important to the modern computer and
communication industries.  The years ahead promise
equally dramatic advances, making this an era of great
scientific excitement for research in the field.  Com-
municating this excitement and ensuring further
progress are the main goals of the CMMP report.

Over the decade since the last major assessment of
the field, important results and discoveries have come
rapidly and often in unexpected ways.  These advances
range from development of new experimental tools for
atomic-scale manipulation and visualization, to creation
of new synthetic materials (such as bucky balls and
high-temperature superconductors), to discovery of new
physical phenomena such as giant magnetoresistance
and the fractional quantum Hall effect.

An enormous increase in computing power has
yielded qualitative changes in visualization and simu-
lation of complex phenomena in large-scale many-atom
systems.  Progress in synthesis, visualization, manipu-
lation, and computation will continue to have an im-
pact on many areas of research spanning different length
scales from atomic to macroscopic.  Strong impact
may also be expected in “soft” condensed-matter
physics, particularly at the interfaces with biology
and chemistry.

The priorities of society are shifting from military
security to economic well-being and health.  Changing
societal priorities, in turn, create shifting demands on
CMMP.  Among these growing demands are improv-
ing public understanding of science, allowing better
education of scientists and engineers for today’s em-
ployment marketplace, and making new contributions
to the nation’s industrial competitiveness.

The key challenges facing condensed-matter and
materials physics are the following:

• Nurturing the intellectual vitality of the field—
particularly the facilitation of the research of
individual investigators and small teams in ar-
eas that cross disciplinary boundaries;

• Providing the facilities infrastructure for re-
search—for example, creation of laboratory-
scale microcharacterization facilities at univer-
sities and large-scale facilities at national labo-
ratories;

• Enhancing efforts in research universities to
improve integration of CMMP education and
research, particularly at the boundaries of dis-
ciplines, and to prepare flexible and adaptable
physicists for the future; and

• Developing new modes of cooperation among
universities, colleges, government laboratories,
and industry to ensure the connectivity of the
field with the needs of society and to preserve
the fertile, innovative climate of major indus-
trial laboratories, which have played a domi-
nant role in CMMP research.

The different modes of research—benchtop experi-
ments, larger collaborations, and so on—are evolving
steadily.  The work that is carried on in these varied
venues is complex and diverse, and the committee has
paid special attention to describing the forefronts of
research in terms of a small number of research themes.
These themes, listed in Box 1, are discussed in some
detail in the Overview of the CMMP report and reap-
pear in each of the chapters of the report.

One of the themes that has captured the imagina-
tion of theorists and experimenters alike is the struc-
ture and properties of materials at reduced dimension-
ality—for example, in planar structures.  Large-scale
integrated circuits depend on understanding the behav-
ior of semiconductors in such configurations, so the
potential for impact is apparent.

NOTE:  This article was prepared from written material
provided to the Solid State Sciences Committee by the
speaker.
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BOX 1:   Research Themes in CMMP

• The quantum mechanics of large, interacting sys-
tems

• The structure and properties of materials at re-
duced dimensionality

• Materials with increasing levels of compositional,
structural, and functional complexity

• Nonequilibrium processes and the relationship be-
tween molecular and mesoscopic properties

• Soft condensed matter and the physics of large
molecules, including biological structures

• Controlling electrons and photons in solids on the
atomic scale

• Understanding magnetism and superconductiv-
ity

A number of actions are required to maintain and enhance
the productivity of the field of condensed-matter and materi-
als physics.  These actions involve each level of the hierarchy
of research modalities and the interactions among the vari-
ous levels and the various performers.  The principal recom-
mendations of the cmmittee are summarized as follows:

• The National Science Foundation (NSF), the De-
partment of Energy (DOE), and other agencies
that support research should continue to nurture
the core research that is at the heart of condensed-
matter and materials physics.  The research
themes listed in Box 1 provide a guide to the
forefronts of this work.

• The agencies that support and direct research in
CMMP should plan for increased investment in

 Materials R&D in Industry

Cherry A. Murray
Bell Laboratories, Lucent Technologies

The Changing Role for Physical Science
Research in Industry in the “Information Age”

Today industry funds about two-thirds of total U.S.
R&D, amounting to nearly $130 billion in 1997.  The
U.S. government supplies the remaining one-third of
the funds spent on R&D in the United States (nearly

$65 billion).  Of federal funding in 1997, about 35 per-
cent (roughly $23 billion) went directly to industry, 28
percent to national laboratories, 22 percent to univer-
sities, and the remainder to federally funded R&D cen-
ters and nonprofit organizations.  Today, total federal
funding of industrial R&D has declined to about three-
fifths of its high point of a decade ago.  “Blue sky”
corporate research has declined sharply in this decade
in all economic sectors, to about one-tenth to one-third
of its 1988 extent, depending on the company.  Also

NOTE:  This article was prepared from written material
provided to the Solid State Sciences Committee by the
speaker.

modernization of the CMMP research infrastruc-
ture at universities and government laboratories.

• The NSF should increase its investment in state-of-
the-art instrumentation and fabrication capabilities,
including centers for instrumentation R&D,
nanofabrication, and materials synthesis and pro-
cessing at universities.  The DOE should strengthen
its support for such programs at national laborato-
ries and universities.

• The gap in neutron sources in the United States
should be addressed in the short term by upgrading
existing neutron-scattering facilities and in the longer
term by moving forward with the construction of
the Spallation Neutron Source.

• Support for operations and upgrades at synchrotron
facilities, including research and development on
fourth-generation light sources, should be strength-
ened.

• The broad utilization of synchrotron and neutron
facilities across scientific disciplines and sectors
should be considered when agency budgets are es-
tablished.

• Federal agencies should provide incentives for for-
mation of partnerships among universities and gov-
ernment and industry laboratories that carry out re-
search in condensed-matter and materials physics.

• Universities should endeavor to enhance their stu-
dents’ understanding of the role of knowledge inte-
gration and transfer as well as knowledge creation.
In this area, experience is the best teacher.

Action on these issues will allow us to capture the
opportunities for intellectual progress and technological
impact that continue to emerge in condensed-matter and
materials physics.
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companies are attempting to measure and monitor more
closely the output of both research and development,
linking both to new product development.  I define
“blue sky” research as research that is not linked in
any way to a possible product or is at least 15 years
away from becoming a product.  An emerging trend in
the last several years that offsets this bleak picture for
the future of industrial research is the recently renewed
support for long-term research in the information tech-
nology (IT) sector.  I define long-term research as that
which could be at least 5 to15 years out but can be
linked to possible future potential products of interest
to the company.

R&D spending in the United States varies dramati-
cally by economic sector:  About 20 percent of corpo-
rate revenues are spent for R&D in the pharmaceutical
sector, from 15 percent to 18 percent in the IT soft-
ware sector, from 10 percent to 15 percent in the IT
hardware sector, about 5 percent in the chemical/ma-
terials sector, at most 5 percent in the automotive/trans-
portation sector, and only 1 to 2 percent in the energy/
power sector of the economy.  In this article, I will
focus on the fast-growing IT sector, whose revenues
constitute about 10 percent of the current gross domestic
product.  This includes U.S.-based companies such as
AT&T, IBM, Motorola, Lucent, General Electric, Intel,
Lotus Development, Microsoft, Silicon Graphics, Bay
Networks, Adobe Systems, Tandem Computers, and
so on.  In this sector in 1967, hardware products ac-
counted for 89 percent of the revenues; software, 2.6
percent; and services, 8 percent.  Over the years, those
percentages have dramatically changed, with the cur-
rent balance more strongly favoring faster-growing
software and services over hardware:  In 1996, 50 per-
cent of the revenues were related to hardware, 20 per-
cent to software, and 30 percent to services.  IT corpo-
rations have reacted by rebalancing their hardware
(physical sciences) versus software and services (math-
ematics and computer science) research mix.  For ex-
ample, at Bell Laboratories, the central corporate re-
search has evolved from a traditional hardware:software
70:30 split in the 1970s to closer to 50:50 today.

Some of the trends in corporate research in the IT
sector can be summarized as follows:

The years of the 1970s and 1980s were the era of
the Cold War, the last of Vannevar Bush’s  “New Fron-
tier,” and the age of the hardware near-monopolies (the
Bell System, IBM, GE, and so on).  The justification
of corporate research could be characterized as “just in
case.”  Blue sky research in the physical sciences flour-
ished in industry.  During the mid-1980s to the1990s,

the Cold War ended; monopolies such as AT&T, IBM,
and GE broke apart; software grew in importance; many
corporations retrenched; and major U.S. consortia such
as Sematech, SRC, MONET, and NSIC were formed
in an attempt to pool resources for precompetitive re-
search and involve universities, as well as to train a
technical work force necessary for development and
manufacturing.  The justification for corporate research
can be characterized in this era as “just in time.”  Many
corporate central research laboratories were broken up
and distributed to the various business units and fo-
cused on shorter-term product development.  In many
accounts, this created fears of the existence of a “val-
ley of death” for research on products that are 5 to 10
years in the future:  Companies were focusing most of
their efforts on the period  0 to 5 years out, and univer-
sities and government laboratories were focusing on
the period beyond 10 years out.  In the silicon inte-
grated circuit industry, this has been the justification
for the formation of industry-university-federal labo-
ratory consortia such as MARCO (the Microelectron-
ics Advanced Research Consortium) to fill this gap.

In the late 1990s into 2000, because of the techno-
logical advances of this sector of the economy, we have
entered the “Information Age”:  Corporations are glo-
bal, there is exponential growth in both technology and
profits for the IT sector, there is strong competition in
hardware while new monopolies emerge in software
and speed-to-market is essential, and the gap is clos-
ing between research and products while hardware in-
formation technologies are approaching their funda-
mental limits.  Now, because of the exponential trends
in all information technology, devices are becoming
smaller and faster and, acquiring more functionality,
all at lower cost, and are rapidly approaching real fun-
damental limits.  The justification for corporate physi-
cal sciences research for much of the hardware IT sec-
tor is that it is “just  indispensable.”   If the corporation
wants to be a technology leader, being first to market
is viewed as critical.  This speed-to-market requires a
much tighter coupling of research to products combined
with a longer-term in-house research effort—allowing
the fastest innovation to occur while avoiding being
blindsided by competitors.

We will be approaching some fundamental limits
in the next 20 years (around the year 2010).  For ex-
ample, silicon device scaling will produce metal-ox-
ide semiconductor field-effect transistors with gate
oxide thickness of less than 5 atoms, magnetic data
storage spot sizes will approach  the paramagnetic limit,
and transmission of optical pulses through optical fi-
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als research paid off, causing a factor of two increase
in logarithmic slope in the technology “Moore” plots
for magnetic data storage and optical networking, re-
spectively, are the invention and development of giant
magnetoresistance materials in magnetic read-heads by
IBM research and the development of the Er-doped
optical amplifier by Bell Laboratories research.  There
are also many other examples where long-term indus-
trial research has resulted in a paradigm shift in tech-
nology and business opportunity for the parent com-
pany because it was the first to get products out on the
market.

In the 1980s, the chain from physical sciences re-
search to products in industry was either nonexistent
(blue sky research) or linear—from applied research
in the corporate research organization handing off to a
development organization handing off to a manufac-
turing organization who would eventually create a prod-
uct and be in contact with the customers.  At every
handoff along the way, there were roadblocks and
bottlenecks—the entire process could take as long as 5
to 10 years, with a relatively low success rate of get-
ting through the whole process and little communica-
tion along the way.

That approach no longer is a viable way of innova-
tion.  In a typical corporate research group, there are at
least four types of research:

1. Long-term research in areas related to future tech-
nology needs, often in consultations with cus-
tomers and marketing;

2. Cooperative long-term research with federal
laboratories and/or universities not directly re-
lated to near-term future products;

3. Cooperative short- and long-term R&D with
other companies in joint development agree-
ments; and

4. A “massively parallel” approach to marketing,
research, development, and manufacturing that
brings a closely knit team of people from all or-
ganizations together to produce a product from a
research concept in as little time as months to a
few years, maintaining close customer contact
and competitor awareness at all times.

In summary, industrial R&D is what has created the
“Information Age.”  IT corporate research has evolved
over the decades, but physical sciences research is as
essential as ever for leading-edge high-technology com-
panies.

bers will be approaching the Shannon information
theory limit.  Many companies in the hardware IT sec-
tor are actually increasing their support of internal long-
term research as a result.

Why do companies spend money on internal R&D?
If they are in the leading-edge technology market for
the long haul and have evolved past the startup phase,
they must maintain critical competencies in house,
maintain an infusion of new technology, stimulate in-
novation, fuel growth and business development, ex-
tend their product horizons, and recruit top people.  It
is difficult to accomplish these objectives by funding
external research at a university or within a consor-
tium or by buying small companies.  Companies spend
money on external or cooperative R&D to leverage their
internal R&D efforts, develop new applications for
existing technology, make use of facilities and equip-
ment that are too costly to develop internally, and ac-
quire access to a skilled work force in the technologies
relevant to their products.  The major problems encoun-
tered by corporations in carrying out external or coop-
erative R&D at universities or government laborato-
ries are the complications in intellectual property own-
ership and licensing, the relatively slow cycle times,
and the focus on process rather than product that is
natural for universities and government laboratories.
A 1999 Battelle R&D magazine survey of all indus-
tries found that a large majority of respondents, 37 per-
cent, used joint development agreements with other
companies for external R&D and 23 percent purchased
services from commercial laboratories.  Only about 26
percent of respondents used academia for external R&D
and about 3.5 percent used federal laboratories.

Why do companies spend money on internal long-
term research?  There are many reasons, depending on
the competitive environment and growth of the eco-
nomic sector.  First, internal research stimulates inven-
tion leading to innovation.  It provides insurance—it
allows a company to maintain a breadth of technologi-
cal expertise to make use of when it is suddenly needed.
When integrated into the R&D community, long-term
research can broaden horizons and provides a future
beyond several product cycles.  Often an internal re-
search organization can be useful in recruiting top
people into the business, enthralling customers, and
challenging competitors.  Internal research also allows
companies to keep trade secrets and create a strong
intellectual property portfolio, which is essential to
become and stay a technology leader.

Two examples where physical science and materi-
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Changing Roles for Research Universities

J.  David Litster
Massachusetts Institute of Technology

MIT:  A University in Transition

David Litster discussed the changing environment
for research at the Massachusetts Institute of Technol-
ogy (MIT).  He pointed out that MIT is in some ways
unique among the top 20 research universities in the
United States.  Of this group, it receives the largest
amount of industrial research support and was among
the lowest in self-support of research.  For these rea-
sons, he warned that one must be careful not to gener-
alize the observations that he made.

The overall federal funding picture, excluding the
National Institutes of Health (NIH), is that of flat or
decreasing budgets.  The Department of Defense
(DOD), which supported some 65 percent of materials
engineering research between 1993 and 1995, has ex-
perienced an overall decrease in funding throughout
the 1990s.  Its funding for research has not been spared
and has fallen from about $16 billion in 1989 to about
$9 billion in 1999.  DOD-sponsored research at MIT
has fared somewhat better, remaining relatively level
at about $35 million (in 1993 dollars).

The flat or declining budgets of the federal agen-
cies has put enormous pressure on overhead recovery
rates at MIT.  Between 1980 and 1990, the amount of
indirect costs at MIT covered by the federal govern-
ment hovered around 50 to 56 percent, whereas the
amount covered by internal MIT sources was between
32 and 38 percent (the remainder was picked up by
state sources).  Since then, the proportion of the indi-
rect costs borne by MIT has climbed steadily while the
federal share has plummeted.  The change was so rapid
that by 1996 MIT was covering about 52 percent of the
costs and the funding agencies were covering only about
36 percent—a complete reversal of roles.

Furthermore, during the 1980s, the federal govern-
ment cut its financial aid for students.  This trend is
true for all schools that continue a need-blind admis-
sion policy.  In 1980, MIT supplied about 50 percent
of the financial aid to students.  By 1990, MIT’s share
had grown to about 80 percent and has remained there
since.

One thing MIT has done to counter these trends is
to engage in partnerships with industry.  Industrial part-

ners who support research at MIT include Amgen, Ford
Motor Company, Merck, and Merrill Lynch.

MIT Research Support Industrial Partnerships are
long term (5 to 10 years).  The support provided by
these partners amounts to about $3 million per year.  A
joint committee of MIT and industry representatives
allocates $2.5 million of this.  The remaining $0.5 mil-
lion is a “discretionary” fund.

The normal MIT policies on research support are
followed in these partnerships.  This means that the
research should be of intellectual interest to the princi-
pal investigator on the project.  The principal investi-
gator is responsible for directing the project, which
should provide some mix of thesis opportunities for
students, the advancement of knowledge, or advance-
ment of the state of the art.  Any visiting scholars on
the project are chosen by the faculty and are expected
to make significant contributions to the research project.
Ideally, these industrially sponsored research projects
should balance MIT’s educational purposes and the
search for knowledge to meet the needs of industry.

The results of these partnership projects must be
freely published—this is a requirement for MIT to
maintain its tax-exempt status.  Thus the results are
available to anyone, regardless of the source of the re-
search support.  There is no delay in giving students
academic credit for the work; however, to protect patent
rights, publication of the results may be delayed by as
much as 30 days (60 days in extreme circumstances).

The industrial sponsor approves any thesis proposal
and agrees in advance that anything falling within the
proposal can be freely published.  The sponsor has 30
days to review the thesis and publications to ensure
that they contain no proprietary information.

MIT retains title to all intellectual property devel-
oped by employees of MIT using significant funds or
facilities administered by the university.  All research
sponsorship agreements at MIT are negotiated by the
university and, regardless of the sponsor, transfer the
rights to intellectual property to MIT.  The university,
in turn, licenses the intellectual property to encourage
technology transfer for development by industry in the
public interest.  Intellectual property that is developed
by visiting scholars also belongs to MIT.

If products produced under license from MIT are to
be sold in the United States, then MIT requires a sub-
stantial amount of the manufacturing of that product to

NOTE:  This article was prepared from notes taken by a
staff member of the Board on Physics and Astronomy.
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be carried out in the United States.  The royalty split
is one-third to the inventor before expenses; the re-
maining after-expense income is divided equally
between the inventor’s department or laboratory and
the central administration of MIT.

The sponsor may have a nonexclusive royalty-
free license to these inventions for internal use.  The
sponsor may also obtain exclusive commercial rights

and pay royalties to MIT, or the sponsor may obtain
a nonexclusive commercial license in exchange for
paying the patent maintenance costs, or the sponsor
may waive all rights and receive 25 percent of the
after-expense income from the patent.  If MIT
chooses not to file a patent, then the sponsor has the
right to do so in MIT’s name.  The sponsor must
then choose from the four options listed above.

Changing Roles for Government Laboratories

John P. McTague
Vice President (retired), Ford Motor Company

John McTague, in introducing his subject, declared
that he would focus primarily on trends within the De-
partment of Energy (DOE) laboratories, a focus sharp-
ened by the perspectives that he has gained as co-chair
of the Secretary of Energy’s Laboratory Operations
Board.  He noted that the DOE laboratory complex has
received considerable criticism over recent years, pri-
marily in two areas:  (1) for alleged, or perceived, du-
plication of effort within the laboratories; and  (2) for
the laboratories’ tendency (in view of ever-tightening
budgets and decreasing programmatic support in some
of their traditional areas) toward “mission creep.”
Laboratories invent new missions—in particular, the
formerly popular and politically correct mission of “in-
dustrial competitiveness,” which many of the DOE
laboratories embraced as the Cold War came to an end
and as the defense-driven support for R&D began to
wane.

These criticisms and the associated perception of
DOE’s inefficient management of its laboratories were
highlighted in the Galvin Commission Report of 1994.
McTague noted that the aforementioned critics are at
least somewhat off the mark in the sense that the labo-
ratories do not have missions from Congress—it is the
Department of Energy that has the missions.  The labo-
ratories are premiere among the DOE’s resources to
execute its missions.  Therefore, it is the Department
of Energy’s job to bring the laboratories, universities,
and other R&D providers to bear, both collectively and
individually, to accomplish its missions.

A challenge that has been gaining increasing accep-
tance and discussion in recent years is how to get the
laboratories to operate as a true system and, more gen-
erally, how laboratories and other partners can work
more effectively together to attack problems of national
importance.  In attempting to address this question,

McTague described four examples of more-or-less suc-
cessful orchestration of the suites of instruments rep-
resented by these laboratories and their partners.

The first example is the Center of Excellence for
the Synthesis and Processing of Advanced Materials.
It is a virtual center, directed by George Samara of
Sandia National Laboratories, and involves 12 DOE
laboratories, as well as several industries and some in-
dustrial partners.  The idea is, with a modest incremen-
tal investment of only about $2.5 million a year, to pro-
vide value-added, enhanced coupling among projects
of related natures that are already taking place within
these many laboratories.  Selective projects from within
their suite of capabilities are coordinated and joined
together, so that the whole exceeds the sum of the parts.
This has been a very successful enterprise, and
McTague identified some key elements of that success
through the example of aluminum alloy formability.

In the auto industry, which worldwide produces
something like two vehicles per second, a small ad-
vance can have a huge integrated impact.  The center
has achieved such an advance in this highly leveraged
application.  Similar opportunities arise in the areas of
joining and welding, and McTague described some ex-
amples of using a transparent welding analog where
the effect of weld freeze rates on joint shapes can be
directly observed.

 One important attribute of this center’s approach is
that it is multidimensional in the sense that the number
of component projects is large enough that statistically
a reasonable number of them will succeed, and the suc-
cess of the whole project does not depend on every
single element being successful on its own.  This fairly
loose coupling among the projects minimizes, there-
fore, the chances of overall failure and gives high le-
verage to the added value of the investment in affect-
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ing the coupling.
McTague’s second example is  “The Partnership for

a New Generation of Vehicles,” an extremely large
project costing approximately $600 million a year.  It
involves USCAR (a consortium of the Big Three
automakers in the United States) and a Department-
of-Commerce-led government consortium of the De-
partments of Commerce, Defense, Energy, Transpor-
tation, and Interior, as well as the Environmental Pro-
tection Agency, the National Aeronautics and Space
Administration, and the National Science Foundation
(NSF).  Industry has a very large influence on how the
government participants allocate their resources in this
case.  The good news of this project is the high paral-
lelism of interest among all the partners in reaching
the stated goal of achieving a 300 percent increase in
fuel efficiency in the next generation of vehicles.

The specific goals are stated as outcomes, but the
paths to those outcomes are not specified.  So, for ex-
ample, the flywheel approach has been tried and aban-
doned.  Fuel cells, on the other hand, look consider-
ably more promising.  The bad news is that there is an
extremely high overhead as a result of working together
because there are so many players.  Indeed, it took 18
months to get the detailed agreements and working re-
lationships in place for this collaboration.  Neverthe-
less, it represents a collaboration at an interagency level,
involving many of the Department of Energy laborato-
ries and funding from several of the agencies.  It is a
good example of the kind of orchestration that is re-
quired for large advances in technology.

The third example is the Spallation Neutron Source
project.  This $1.3 billion facility, to be built at Oak
Ridge National Laboratories, involves a collaboration
among five DOE laboratories.  The major risk and dis-
advantage of this project, aside from its considerable
expense and complexity, is that it is “one-dimensional.”
Every single element, from the source through the
accelerator, to the accumulator ring to the target sta-
tion to the laboratory instruments is in series.  The over-
all project can succeed if, and only if, every one of the
elements, namely every one of the laboratories, does
its job 100 percent correctly.

It is questionable whether proper orchestration of
such an effort is really possible given the current struc-
ture of the laboratories and the Department of Energy.
This project lacks what McTague would call the “sta-
tistical safety” of his first two examples.  It is very
much an open and important question as to whether
the five DOE laboratories in this case can operate as a
system.  The answer is that they simply have to.  The

question remains, can they?
The fourth example is a major new initiative in in-

formation technology.  “Information Technology for
the 21st Century,” or IT², adds approximately $150
million to the research portfolio—primarily in the NSF,
but with additional funding for several of the other agen-
cies as well.  The idea is to push forward the develop-
ment of distributed and highly interconnected comput-
ing capabilities.  It is very important because it might
lead to a revolution in engineering and product devel-
opment, including safety, through the use of more re-
alistic simulations.

McTague mentioned, as an aside, that at the Ford
Motor Company, simulation has become an integral
part of design and also product worthiness.  Indeed the
company is now at point where the simulation of an
automobile crash can be “more accurate than the ex-
periment” in the sense that in the simulation you can
keep track, reproducibly and quantitatively, of every
element of the vehicle and the event, whereas an ex-
periment must typically be repeated many times with-
out assurance that the exact initial conditions are re-
produced or that measurements are done in sufficient
detail.  The IT² initiative resembles the DOE’s major
simulation advances in the Accelerated Strategic Com-
puting Initiative Program and the Strategic Science
Initiative.  Even within the DOE, those two projects
are really not being coordinated.

The involvement of the DOE with the NSF and other
agencies in this major IT² initiative is still incompletely
formed.  Indeed the ownership and leadership of the
whole IT² enterprise are still unsettled.  Even with these
caveats, though, McTague felt that the prospects for
success are reasonable because the project is multidi-
mensional.  In other words, the success of the whole
enterprise does not depend on the success of every
single element working to perfection.  The elements in
this case are not catastrophically interdependent.

McTague concluded by noting that he felt cautiously
optimistic that the agencies and the laboratories would
develop more coherent and fully orchestrated ways of
working together and that they might in fact evolve
from a collection to a system in the foreseeable future.

During the questions following his talk, David
Litster of MIT noted that the DOE’s problems include
having a number of “associate conductors” in their or-
chestra in the form of program managers within the
headquarters and also at the field offices.  McTague’s
comment was that the DOE often lacks the necessary
in-house technical expertise among its managers, and
therefore it is not managing the laboratories as a sys-
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tem.  The Laboratory Operations Board has been ex-
amining the question of laboratory governance for
a couple of years now, and a report on this is being
prepared with a set of recommendations.  At present,
the preliminary grade is no better than a C+ in im-
proving the systems approach to laboratory manage-
ment by the DOE, and the rate of progress has been
slow.

Murray Gibson of the University of Illinois asked
about the notion of “corporatization” of the labora-
tories, as suggested by the Galvin Report.
McTague’s response was that the Galvin Report re-
ally indicated that it was the management dynamics
of the laboratories that is poor, which stems from
the government’s tendency to focus on inputs as
metrics rather than on outcomes.  The Galvin Re-
port suggested strongly that this emphasis is back-
ward.  Industry measures outputs and outcomes in
order to determine its success.  The most easily
measured is the bottom line in the profit and loss
statement.  But McTague also noted that the idea of
industrial or good business practices in management
was the original basis for the concept of the govern-
ment-owned, contractor-operated approach to the
national laboratories.  The question with respect to
the DOE laboratories then becomes, “Is the path
from the present input and compliance-driven fo-

cus to output and performance-driven focus adia-
batically reversible?”  The Galvin Report suggests
that the answer is “no,” and the Laboratory Opera-
tions Board is trying to figure out ways to approach
the answer in the affirmative.

Jack Rush raised concerns about the DOE rules
that impute increasing liability to the maintenance
and operation contractors for the laboratories, im-
plying that these rules inhibit the performance of
existing contractors or the participation of new con-
tractors who would do a good job at running the labo-
ratories.  McTague’s answer was that the DOE
“mega rule” allows the nonprofit maintenance and
operation contractors to get relief from these in-
creased liability concerns, but because for-profit
contractors generally get large fees to run the labo-
ratories, they are expected to address the liabilities.
It remains unclear whether the shift of liability bur-
den to the contractor is actually improving perfor-
mance and lowering costs.  He suggested that we
need to have more data to examine the cost/benefit
analysis of this “mega-rule” approach.  Although it
is clear that the costs to manage the laboratories have
gone up, particularly for environmental safety and
health concerns, it is not clear whether the health
and safety of the environment in the laboratories
have increased correspondingly.

A panel discussion was held at the end of the first
day.  The panelists were asked to comment on the
future of condensed-matter and materials physics re-
search.  There was a general discussion about
changes in research funding during the previous
decade and how the community can cope with them,
the need for improved education at all levels, and
the future directions of the field.

Skip Stiles pointed out that Congress will be liv-
ing under spending caps for the next 2 fiscal years
and that there will be no additional money until then

unless Congress lifts the caps.  Harlan Watson con-
curred with Stiles and said that he sees little likeli-
hood that the caps will be lifted—at least in the near
term.

According to Watson, the Administration’s out-
year projections for Department of Energy (DOE)
research funding will remain flat for the next few
years.  To meet the flat budgets, the major DOE re-
search facilities may need to cut costs by reducing
their operating hours.

Thomas Weber pointed out that funding in his
division has also been flat.  He postulated that if the
NSF were a mission agency it would:  (1) strengthen

NOTE:  This article was prepared from notes taken by a
staff member of the Board on Physics and Astronomy.

 Panel Discussion of the Future of Materials R&D

Moderator:  Tom Russell, Chair, Solid State Sciences Committee

Panel:  Cherry A. Murray, Committee on Condensed-Matter and Materials Physics; Venkatesh Narayanamurti,
Chair, Committee on Condensed-Matter and Materials Physics; Skip Stiles, House Science Committee Minority
Staff; William Oosterhuis, Department of Energy; Harlan Watson, House Science Committee Majority Staff;
Thomas Weber, National Science Foundation
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the physical infrastructure, (2) integrate research and
education, and (3) promote partnerships.

Weber said that, despite some resistance among
program managers at first, he sees funding of educa-
tion as a win-win situation for his division.  Venkatesh
Narayanamurti pointed out that the NSF is one of the
major stakeholders in the field and that although we
have come a long way in preparing students to work in
interdisciplinary teams, there is still much room for
improvement.

Cherry Murray pointed out industry’s need for
highly skilled people and that university training is a
key to the success of domestic and global industries.
She said that industry often presents a “problem-rich”
environment, with exciting science, and pointed out
that condensed-matter and materials physics (CMMP)
has applications that can be important for the Depart-
ment of Defense (DOD), the National Science Foun-
dation (NSF), DOE, or industry.

Stiles said that the CMMP community can make a
compelling argument for increased funding but that the
money will go to other needs unless the university and
industrial communities present a unified case to Con-
gress on a continuing basis.  He pointed to The Physics
of Materials as a document with the right tone and shape
for Congress and said that much more along that line
needs to be done.

Narayanamurti expressed a note of caution regard-
ing changes at the DOE.  He was concerned that the
balance in the number of laboratories is very delicate.
He said that if the DOE tries to fund too many labora-
tories, then rivalry between laboratories working in the
same area will drag down the system and that, on the
other hand, if the DOE funds too few laboratories, then
there will not be enough interaction between them to
stimulate progress.  In his view, a key component in
maintaining this balance is strong technical leadership.

Weber was concerned about the need he sees to pro-
mote international collaboration without giving away
our advantages in research.  He sees the main chal-
lenges of the future as making links to biologically in-
spired materials, inventing and improving microscopes
and other instruments, making sense of complex phe-
nomena, and producing students interested in science.

William Oosterhuis reminded the audience that sci-
entists are involved in CMMP because of the stimulat-
ing questions that can be attacked using modern in-
struments and techniques.  He would like to see a
strengthening of the neutron infrastructure and new
experimental techniques using them.  He is concerned
with how we can best study the growing array of self-

organizing materials.  He claimed that one technique
is to combine the Scientific Simulation Initiative with
combinatorial chemistry to fine-tune the computations.
He believes that this combination will allow DOE-
funded researchers to do things never before possible
in modeling complex materials.

Following the panel discussion, the panelists re-
ceived several questions from the audience.

Question:  We are in danger of losing a cadre of
excellent young researchers.  How can this be addressed
in an era of flat or declining budgets?

Narayanamurti replied that more Young Investiga-
tor awards need to be funded.  NSF and the Office of
Naval Research are funding some, but more needs to
be done.  Oosterhuis said that the DOE is interested in
funding young people but there needs to be a formal
program set up at the agency for funding them.  Weber
said that the NSF has established the Faculty Early
Career Development (CAREER) program and that al-
though his division has no formal program, he has set
aside a small pool of money to fund a competitive pro-
gram geared toward a diverse pool of applicants doing
risky research.

Question:  We all heard a lot about DOD’s
downsizing.  Agencies used to look around and say,
“If someone else is funding research in topic X, then
we don’t need to.”  Now there are areas that are not
being investigated at all.  Should agencies get money
to pick up the areas that are not being adequately
funded?

Stiles responded that under the current conditions, sci-
ence has virtually no voice in Congress.  He said that the
science community needs to step up and help Congress
set its priorities for funding and that it must be an ongo-
ing process.  Watson countered that Congress is not the
right body to make these decisions.  He said that the
President’s budget submission is where these priorities
are set and the Office of Science and Technology Policy
(OSTP) is probably the place to start.

Question:  The scientific community is fairly effec-
tive at pointing out the benefits of doing research in
particular fields.  Is it less effective at pointing out the
consequences of not funding certain research?

Stiles replied that if the community were prepared,
it could help get more money for research, but the
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groundwork must be done.  Furthermore, he said that
the funding does not need to be tied to a particular cri-
sis.

Question:  Does the scientific community need a
lobby to put pressure on Congress and OSTP?

According to Stiles, members of Congress do not
need to have a deep understanding of the field.  He
said that what matters to them is how it touches the
lives of people in their districts.  Weber reiterated that
the community should not focus all of its attention on
Congress but should talk to the executive branch be-
cause it makes the initial budget proposal.

Question:  We have heard many times that CMMP
contributes to prosperity.  How can we get the message
across that if our government invests in CMMP, our so-
ciety will get the largest return on the investment?

Stiles asked, “How is Congress getting this message?”
He said that someone has to tell people in Congress on an
individual level and inform public policy structure—and
that information needs to be consistent.  Judy Franz, Ex-
ecutive Officer of the American Physical Society, pointed
out that the American Physical Society has worked hard
to get the message out and that grassroots lobbying is the
best way to do this.  She added, however, that to be effec-
tive it has to be done continuously and making this hap-
pen is difficult because the community does not see this
activity as an essential part of the life of a scientist.

Weber warned that the community needs to be care-
ful in making economic arguments.  He said that it is not
possible to say how today’s funding of research will im-
pact the economy of the future.

Stiles advised the community to stay close to Con-
gress because Congress can do things by accident that
can harm the community, for example, the recent provi-

sion that makes data available to the public.  He observed
that research is becoming a commodity—we are going
from a system of grants to one of contracts.  Watson added
that there is no free lunch in research and that most re-
searchers get their money from the federal government.

Question:  What are the statistics on collaborations?
Is this a way to get federal funding?

Oosterhuis replied that research on significant prob-
lems needs to done by teams.  He believes that the prob-
lems we currently face are more difficult and require
input from diverse sources.  He is trying to encourage
collaboration at DOE laboratories in areas where it
makes sense to do so.  He pointed out that the DOE has
the PAIR program to encourage these interactions.
Weber called attention to the GOALI program at the
NSF as an example of a program that encourages col-
laborations.

Question:  How can we convert S. 1305 from an
authorization bill to an appropriations bill?

Stiles replied that S. 1305 is a good organizing tool
but will not produce more money for science.  He said
that in the short term, only having Congress declare an
emergency or lift the budget caps will accomplish that.
He urged the community to ensure that the subcom-
mittees that fund the community’s work get all the fund-
ing they need.  Watson responded that the requests need
to get into the Administration’s budget request; other-
wise, it will be difficult to get the requests into the fi-
nal budget.  He said that Congress can only “tweak”
the numbers around the edges.  Furthermore, he said
that the community should bear in mind that there are
huge numbers of claimants for any pot of money.  Be-
cause one Congress cannot bind future Congresses, he
thinks a large effort at passing “feel-good” legislation
is a waste of time and effort.
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III.  Materials Education and Infrastructure

Materials Education for the 21st Century

Robert P.H. Chang
Northwestern University

ence of materials science and engineering (MSE).  This
lack of awareness may be largely attributed to the al-
most total absence of MSE at the precollege level.  Even
at the college level, MSE programs number only
slightly more than 100, out of the 4,000 colleges and
universities in the United States.  Only 45—fewer than
one-half—of those 100 programs have materials sci-
ence and engineering departments.

Despite its low profile, materials science and engi-
neering is an extremely important field for at least two
reasons.  First, MSE involves interdisciplinary teach-
ing, drawing on concepts from engineering, biology,
chemistry, physics, and mathematics.  Second, these
basic disciplines, through materials science and engi-
neering, have countless industrial applications that ben-
efit society.  From seat belts and computers to items as
basic and mundane as coffee filters, materials science
and engineering contributes to the creation of products
that allow us to perform daily tasks more safely and
efficiently.

Its connection to real-world applications makes
MSE a desirable field for many students, who realize
that a degree in MSE can secure them a good job.  In
fact, about 90 percent of students in MSE programs
will ultimately work in industry.  Only about 10 per-
cent of graduate students in MSE, on the other hand,
will pursue careers as serious researchers.  Within the
past several years, more and more students have been
transferring from science departments into MSE or have
been doing materials-related research.

The graduate curriculum in MSE has also changed
with the times.  Specifically, the focus of study has
shifted from areas like metallurgy to the study of elec-
tronic, polymeric, and biomolecular materials.  Given
these trends, the hiring of new faculty has been geared
toward the recruitment of those with expertise in the
study of new materials and in the study of materials at
the atomic/molecular level, rather than at the macro-
scopic level.

One of the most significant sources of support for
materials science and engineering is the National Sci-
ence Foundation (NSF).  The NSF funds 28 Materials
Research Science and Engineering Centers, all of which
promote MSE’s multidisciplinary approach to research

The current state of affairs in U.S. education, al-
though not altogether negative, should certainly give
us pause.  Over 90 percent of students now graduate
from high school; 67 percent of them enroll in college.
Approximately 14 million students were enrolled in
colleges and universities in 1996.  The number of stu-
dents who enter college is not, however, commensu-
rate with the number of degreed graduates.  Indeed,
the graduation rate of students attending NCAA Divi-
sion I institutions in 1996 was a mere 56 percent.  At
the cost of approximately $10,000 per student per year
in a public university, the college dropout rate means
that taxpayers are suffering significant losses in both
human and financial resources.  Particularly in the ar-
eas of science and mathematics, students in the United
States are lagging behind their international counter-
parts.  The reasons for poor performance in mathemat-
ics and science include a dearth of teachers trained in
the subject that they teach (only an estimated 30 per-
cent of science and mathematics teachers actually ma-
jored in the subject that they are certified to teach) and
students’ failure to see the connections between scien-
tific and mathematical principles and the world around
them.  Given students’ lagging interest in science and
the fact that there are states, Illinois, for instance, that
require high school students to take no more than 2
years of science, it is hardly surprising that science and
engineering programs are now facing declining enroll-
ments.

In assessing the current state of education, we should
also consider the changing population in the United
States.  Within the next 50 years, groups that are cur-
rently in the minority will become the majority.  If
members of minority groups are not able to receive a
top-quality education, then our entire economy will
suffer.

As we enter the next century, we find ourselves faced
with the challenge of improving our educational sys-
tem overall.  Those of us invested in materials educa-
tion also face some formidable obstacles.  Most im-
portantly, the general public is not aware of the exist-

NOTE:  This article was prepared from written material
provided to the Solid State Sciences Committee by the
speaker.
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velopment/teacher training.
The desire to provide teachers with the tools to spark

their students’ interest in science, mathematics, and
technology, along with the wish to link university re-
search to precollege education, led to the creation of
the Materials World Modules (MWM).  Developed
with the support of a grant from the National Science
Foundation, the Materials World Modules are hands-
on, inquiry-based modules that focus on various topics
in materials science.  The modules have been designed
to supplement middle and high school science, math-
ematics, and technology courses.  Each module begins
with a teacher demonstration that piques the students’
interest.  Next, students complete a series of inquiry-
based activities, simulating the work that scientists do.
Finally, each module culminates in two design chal-
lenges, where students simulate the work of engineers.

Materials World Modules is a total materials edu-
cational program that also offers services such as work-
shops for teachers, an interactive CD-ROM, and a Web
site where teachers can access help and resources on
line.  To date, MWM has been introduced in 450 schools
nationwide and used by approximately 9,000 students
and 450 teachers.  At 16 hub sites in 14 states, teachers
have been trained in MWM workshops.  The next step
for the Materials World Modules program will be
MWM-2002, a delivery system via the Internet that
will enable teachers to order and purchase customized
modules on line and to receive teaching development
and support services via an interactive Web site.

In addition to the Materials World Modules pro-
gram, Northwestern University has recently embarked
on a collaborative effort with the Intel corporation to
promote student participation in science fairs at seven
sites in six states.  This “Winning with Inquiry” initia-
tive will involve the use of Materials World Modules,
introducing students to materials science and technol-
ogy.

At the college level, Northwestern offers the Re-
search Experience for Undergraduates and Minority
Students Programs.  Begun in 1986, these programs
provide the opportunity for undergraduates from
schools across the country to participate in research at
Northwestern.  These programs encourage promising
undergraduates to pursue graduate studies in MSE by
enabling them to experience interdisciplinary materi-
als research under the direction of faculty advisors.

Northwestern’s Research Experience for Science
Teachers allows high school teachers, and some col-
lege professors as well, to work with university pro-
fessors during the summer on research projects related

and education.  In addition, 4 of the 24 Science and
Technology Centers that are sponsored by the NSF are
administered through the Division of Materials Re-
search.  Finally, a number of NSF-sponsored Engineer-
ing Research Centers also do materials-related research.

It is clear, when one looks at the state of education
generally, as well as materials education specifically,
from the earliest grades up through college and gradu-
ate school, that the precollege level requires the most
attention.  Elementary, middle, and high schools con-
stitute the foundation of our educational system.  Sta-
tistics show that as students progress through these
grades, their proficiency scores on science tests drop
dramatically.  Fourth graders in the United States, for
instance, scored an average of 565 out of 600 points on
a science proficiency test, whereas 12th graders earned
only 461 points.  Additionally, U.S. students perform
less competitively as they progress in school.  Although
the 4th graders placed second only to Japanese 4th grad-
ers, the 12th graders trailed students from all other coun-
tries in the study.

In light of such findings, we can see that high school
in particular is a crucial time for science education.
Many high school students lose interest and then find
themselves ill-prepared to face the rigors of college-
level science courses.  Why does this happen?  Is there
a big difference in the approaches to education, and in
particular science education, between high school and
college?  Can we hold students’ insufficient prepara-
tion in high school responsible for the high dropout
rate among college students?  Most importantly, how
can materials science education help to bridge this gap
between high school and college, particularly in sci-
ence and engineering?

All materials education initiatives must undertake
to:

• Foster greater awareness of the importance of
MSE in society and among the general public;

• Introduce materials science and technology at
the precollege level to enhance mathematics
and science education; and

• Get teachers involved in materials science edu-
cation and research.

Many universities and centers have embarked on
worthy initiatives to reach these goals.  Northwestern
University has programs for precollege materials sci-
ence and technology education, for undergraduates (es-
pecially minority students) who are interested in mate-
rials science and engineering, and for professional de-
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to their subject area.
At the college and graduate level, we must expand

materials programs to more colleges and universities, in-
volve college and university professors in materials-re-
lated research and teaching, and work toward the collec-
tive development of materials courses among science and
engineering departments.  Industry should also have a
significant input in course design for MSE.  Finally, at
the college and graduate level, we can aim to set up inter-
active video linkage to other universities—especially
minority institutions—whose students can then take ad-
vantage of existing courses, seminars, and research col-
laborations from MSE programs.  Northwestern, for in-
stance, is currently in the process of developing interac-
tive video linkage to minority institutions.

Northwestern is also piloting a master’s degree in
Materials Technology and Education.  This degree pre-

pares students to teach technicians in community col-
leges.  The requirements include at least three courses
in the School of Education, as well as real classroom
and research experience.

At the global level, the United States has the op-
portunity to set itself up as a role model for other coun-
tries wishing to improve and expand materials educa-
tion at all levels of education and among the general
public.  International collaboration will also help to
ensure greater success for all countries striving to at-
tain these goals.  To foster greater collaboration and
communication, a series of workshops has been held
and will continue to be held in preparation for build-
ing a Materials World Network for Education, Re-
search, and Technology.  Four NSF-sponsored work-
shops have already taken place, and a fifth is planned
in Africa for the year 2000.

Meeting the Challenge in Neutron Science

Thom Mason
Scientific Director, Spallation Neutron Source

Oak Ridge National Laboratory

Thom Mason discussed the development of neutron-
scattering research and the opportunities for new sci-
ence presented by the Spallation Neutron Source (SNS).
The development of neutron scattering has always de-
pended on the availability of new, more powerful
sources and techniques.  Although the neutron was dis-
covered in 1932, it was not until the late 1940s—after
the first reactors were constructed—that sufficient neu-
tron fluxes were available for diffraction experiments.
These first experiments, performed by Ernest Wollan
and Clifford Shull at the Oak Ridge Graphite Reactor,
demonstrated the importance of neutron scattering for
determining the atomic-scale structure and magnetic
behavior of materials.

In 1957, the National Research Universal reactor
became operational in Canada.  This reactor design was
specifically optimized for neutron production.  The in-
creased flux and lower background enabled the devel-
opment of neutron spectroscopy—the use of inelastic
neutron scattering to determine the dynamical proper-
ties of atoms in materials.  Bertram Brockhouse led
the development of neutron spectroscopy and, together
with Shull, shared the 1994 Nobel Prize in Physics for
the development of neutron-scattering techniques for
studies of condensed matter.

The development of cold neutron sources and neu-
tron guides in the 1970s stimulated applications of neu-

tron scattering to studies of large-scale structures in-
cluding polymers, macromolecular systems, and bio-
logical structures.  Cold sources shift the spectrum of
reactor neutrons from a peak temperature of approxi-
mately 300 K (corresponding to a wavelength of 1.7
Å) to 25 K or lower.  This greatly increases the num-
bers of longer wavelength neutrons in the range from 2
to 20 Å, corresponding to important length scales in
polymer chains, large molecules, and membranes.
Neutron guides efficiently transport neutrons away
from the reactor to experimental halls where back-
ground levels are greatly reduced.  These developments,
implemented first on a large scale at the Institut Laue
Langevin in France, opened new areas of science and
sensitivity to neutron scattering.

Today, we sit at another threshold in the develop-
ment of neutron scattering.  Pulsed spallation neutron
sources, based on neutrons produced by bombarding
heavy metal atoms with high-energy protons, are dem-
onstrating exceptional promise in neutron scattering
from studies of superconductivity to nondestructive
measurements of internal stresses in turbine engines.
These neutron sources produce intense pulses of neu-
trons at repetition rates of 10 to 60 pulses per second.
The neutrons are moderated and transmitted through
beam guides to experiments surrounded by hundreds
of detectors.  The pulsed time structure and large num-
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Toward a Fourth-Generation Light Source

David E. Moncton
Associate Laboratory Director,  Advanced Photon Source

Argonne National Laboratory

ber of detectors result in enormous data rates for many
important scattering experiments, resulting in increased
sensitivity and sample throughput.

The neutron is a weakly interacting, nonperturbing
probe of matter with simple, well-understood coupling
to atoms and spins.  The high penetrating power of
neutrons means that extreme sample environments can
be easily accommodated by passing the neutron beam
through the walls of cryostats, furnaces, or pressure
vessels.  It also means that the interior of bulk samples
and manufactured components can easily be probed
with neutrons.  Unlike x-rays, neutron-scattering cross
sections are similar across the periodic table, making
light and heavy elements equally visible.  In addition,
neutron-scattering cross sections are isotope specific,
making it possible to distinguish hydrogen from deu-
terium, for example, in specially prepared samples.
This sensitivity to light elements and isotopes makes
neutrons particularly useful in determining the loca-
tion and behavior of hydrogen and other low-Z ele-
ments in materials.  The energies and wavelengths of
neutrons are well matched to atomic and molecular
length scales and excitation energies in materials, mak-
ing the neutron an outstanding probe of structure and
dynamics in superconductivity, magnetism, phase tran-
sitions, electronic properties, nonequilibrium phenom-
ena, and macromolecular systems.

The Spallation Neutron Source, presently under de-
velopment at Oak Ridge National Laboratory, will be
the world’s most powerful pulsed neutron source.  The
SNS is being constructed by a collaboration of Argonne,
Brookhaven, Lawrence Berkeley, Los Alamos, and Oak
Ridge national laboratories.  Scheduled for completion
at the end of 2005, the SNS will provide the nation
with unprecedented capabilities in neutron scattering,
satisfying a long-recognized scientific need.  The SNS
will be a 1 MW source, easily upgraded to 4 MW, sup-
porting over 40 instruments.  An initial complement of

10 instruments surrounding a target station operating
at 60 pulses per second is currently being developed,
and a second target station and additional instruments
are in the planning stage.  More than 2,000 scientists
from universities, industry, and government laborato-
ries are expected to perform neutron-scattering research
at the SNS each year.

The SNS will enable new science in engineering
materials, surfaces and interfaces, magnetic and super-
conducting systems, macromolecular science and bio-
logical structures, real space imaging of living systems,
and many other areas of condensed-matter science
where increased peak fluxes, signal-to-noise ratios, and
data rates contribute to improved sensitivity.  In stud-
ies of engineering materials, the SNS will provide sub-
millimeter resolution for nondestructive measurements
of strain, composition, texture, and plastic deforma-
tion history inside bulk materials and components.
Neutron reflectrometry will provide monolayer sensi-
tivity for investigations of thin magnetic films and
molecular transport studies across biological mem-
branes.  Complex, interacting systems such as low-di-
mensional magnets and charge and spin ordering in
superconductors will become increasingly accessible
to fundamental study at the SNS.  In biological systems,
the SNS will help establish the link between structure
and function by enabling studies in solution, by locating
functional subunits within larger assemblies, and by ex-
ploiting hydrogen-deuterium contrast to locate hydrogen
in biological molecules.  New developments in imaging
science are expected based on using the tunability of neu-
tron energies to enhance sensitivity for selected nuclei in
living systems.  With these and other unique capabilities,
the SNS represents the future of neutron scattering—a
field that is providing much of our current understanding
of condensed matter including magnetism, superconduc-
tivity, complex fluids and polymers, and the structure and
dynamics of materials.

Historically, x-ray research has been propelled by
the existence of urgent and compelling scientific ques-
tions and by the push of powerful and exquisite source

NOTE:  This article was prepared from written material
provided to the Solid State Sciences Committee by the
speaker.

technology.  These two factors have gone hand-in-hand
since Roentgen discovered x-rays.  Here we review the
progress being made with existing third-generation
synchrotron-radiation light sources and the prospects
for a fourth-generation light source with dramatically
improved laser-like beam characteristics.

The central technology for high-brilliance x-ray
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beams is the x-ray undulator, a series of alternating-
pole magnets situated above and below the particle
beam.  When the particle beam is oscillated by the al-
ternating magnetic fields, a set of interacting and in-
terfering wave fronts is produced, which leads to an x-
ray beam with extraordinary properties.  Third-genera-
tion sources of light in the hard x-ray range have been
constructed at three principal facilities:  the European
Synchrotron Radiation Facility (ESRF) in France; the
Super Photon Ring 8-GeV (or Spring-8) in Japan; and
the Advanced Photon Source (APS) in the United
States.  Undulator technology is also used on a number
of low-energy machines for radiation in the ultraviolet
and soft x-ray regimes.

At the APS, these devices exceed our original ex-
pectations for beam brilliance, tunability, spectral
range, and operational flexibility.  Figure 1 presents
the tuning curves of the first few harmonics, showing
x-ray production from a few kiloelectronvolts to better
than 40 keV.  High-brilliance radiation extends to over
100 keV.

Figure 1.  Tuning curves for the on-axis brilliance,
first three odd harmonics of APS undulators.

The new science coming from the APS depends on
its unique beam characteristics.  A very high degree of
collimation makes it possible to monochromate 20 keV

x-ray beams to ~1 meV.  These beams can be used for
triple-axis inelastic scattering studies of lattice dynam-
ics that had previously been the sole province of neu-
tron scattering.  But the most important aspect of x-ray
inelastic scattering will be in charge excitations rather
than in lattice dynamical excitations.  Beautiful work
in that respect is ongoing at the ESRF and beginning at
the APS.

Although the x-ray beams from undulators are not
substantially coherent, their extreme brilliance allows
one to extract a small coherent fraction, which con-
tains a significant number of photons.  Recently, x-ray
photon correlation spectroscopy methods have been
developed to exploit this coherence for measuring the
dynamics of fluid systems.

The unique characteristics of undulator radiation
have recently been applied to macromolecular crystal-
lography.  The results have been spectacular.  It is now
possible, with a good crystal, to get a data set for a
structure determination in well under 1 hour.  In some
cases, 15 or 20 minutes are adequate to collect all of
the data necessary for structure determination.  The x-
ray step in a structure determination is no longer the
rate-limiting step.  The current ability to do structures
at synchrotron x-ray sources would seem to be an ideal
solution to determining the better than 100,000 struc-
tures whose codes are contained in the human genome.
Such a “structural genomics” enterprise has generated
considerable excitement.

But structural biologists will be able to go beyond
static structures.  X-ray beams from the APS undulators
are so intense, one can acquire a high-quality diffrac-
tion pattern in a single pulse.  These pulses are on the
order of 100 ps long, and each of them contains enough
photons to get a reasonable diffraction pattern from a
good biological crystal.  That capability opens the pos-
sibility of studying the time evolution of a molecular
structure, for example, by using a laser to initiate a
chemical reaction.

Very simple developments in instrumentation can have
a profound scientific impact.  Because the beam from
APS undulators exhibits a high degree of brilliance and
collimation, Fresnel zone plate lenses work extremely well
to provide very-high-quality focal characteristics.  With
our most successful Fresnel lenses, we are able to achieve
focal spots down to 100 nm and to preserve very high
optical efficiency (in the 10 percent to 30 percent range).
That small focal spot can be used for studying how the
properties of materials vary on the submicrometer length
scale.  In another application, we propose to mount a num-
ber of Fresnel lenses on a chip.  We would use these lenses
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The technology for this next-generation light
source is based on undulators just like those at the
APS, but with significant interaction between the
high-density particle beam generated in the linac and
the electromagnetic field it generates.  It is this in-
teraction that produces the lasing action.  There are
different ways to achieve that lasing action in an
FEL; but in the x-ray range, we will rely on self-
amplified spontaneous emission.  If the electron
density is high enough, then the field that it pro-
duces causes an interaction that creates a lasing ac-
tion.  The undulator has to be long in order for that
interaction to build up.  At the APS, our undulators
are typically a few meters long and produce beams
which, 20 m away from the source, are on the order
of ~1 mm in size.  The new facility will have
undulators that are ~100 m long and its beam will
be on the order of 1/10 mm in size at 100 m.

Of the many scientific opportunities associated
with this new facility, a few are extremely compel-
ling.  One is the large quantitative improvement in
coherence.  We expect significant advances in im-
aging structures using x-ray holographic methods,
which could revolutionize structural chemistry and
biology.  And since this fully coherent beam will be
only 100 fs long rather than the 100 ps at the APS,
there will be opportunity for significant improve-
ment in time-resolved measurements in what is
clearly a very important time regime.  But the ad-
vance that can potentially change the paradigm for
x-ray research in the next century will be a 1010 to
1012 increase in photon degeneracy.  It will enable
the multiphoton methods that are not possible with
third-generation sources, permit the study of x-ray
nonlinear processes in matter, and perhaps open
some new regimes of fundamental high-field phys-
ics, a very recent idea.

To have this major fourth-generation user facil-
ity ready by the year 2010, an aggressive R&D pro-
gram must begin now.  Fourth-generation light-
source technology development represents a bigger
step than did third-generation light-source technol-
ogy.  But existing linear accelerators, including those
at Argonne National Laboratory, Brookhaven Na-
tional Laboratory, and the Stanford Synchrotron
Radiation Laboratory, offer a cost-effective way to
reduce technical risk and begin to explore the ex-
traordinary scientific possibilities that lie ahead.

to simultaneously probe a number of microsamples de-
posited on a second chip that have gradients in their chemi-
cal composition or in their preparation parameters and
thus obtain data in a highly parallel fashion.

The sample chips could be used for x-ray diffraction
experiments or x-ray microscopy experiments.  Those
same samples could be put into other instruments that
would measure their physical properties, such as specific
heat or conductivity.  Thus, one can develop methodolo-
gies for accumulating very large databases, which will be
very useful for studying complex materials problems, such
as high-critical-temperature superconductors.

Concurrent with developing new applications for third-
generation light sources, the community is thinking about
the fourth generation of light sources (Figure 2) based on
x-ray free-electron lasers (FELs).  The most compelling
parameter associated with this technology will be peak
brilliance.  It now appears possible to obtain a beam with
peak brilliance 10 orders of magnitude higher than we
have in APS today.  That beam will also have a time-
average brilliance higher by six orders of magnitude and
a time-average flux higher by two orders of magnitude.
Any new facility must serve a broad clientele, so R&D is
under way to develop superconducting linacs, which
should be capable of serving multiple (~100) beamlines
simultaneously.  It also appears possible to design a source
that could serve the entire spectral range, from the infra-
red to the hard x-ray regime, in order to eliminate the
need for different energy machines for different regions
of the electromagnetic spectrum.

Figure 2.  Comparison of technical parameters for
third- and fourth-generation x-ray sources.
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Smaller Facilities—Opportunities and Needs

J.  Murray Gibson
University of Illinois at Urbana-Champaign and Argonne National Laboratory

Smaller-scale facilities often fall through the large
crack that lies between the laboratory of an individual
principal investigator and the large-scale facilities such
as synchrotrons or neutron sources.  Although the capi-
tal equipment investment in an individual researcher’s
laboratory is typically less than $100,000, the equip-
ment in a smaller facility is typically worth between
$100,000 and $10 million.  A large facility costs more
than $100 million.  Such facilities provide capabilities
that are far beyond what is available in the laboratory
of an individual researcher.  Activities usually involve
visualization, atomic manipulation, materials synthe-
sis and processing, and/or materials testing.  Smaller
facilities are found at 4 Department of Energy (DOE)
national centers, 26 National Science Foundation (NSF)
Materials Research Science and Engineering Centers
(MRSECs), and about 100 smaller centers throughout
the United States.

An example of a smaller facility is the DOE-sup-
ported Materials Research Laboratory at the Univer-
sity of Illinois, Urbana-Champaign.  Characterization
capabilities include Auger electron spectroscopy,
Rutherford backscattering, x-ray photoelectron spec-
troscopy, transmission electron microscopy, scanning
electron microscopy, atomic force microscopy, second-
ary ion mass spectrometry, and x-ray diffraction.  The
capital equipment in the center is worth about $50 mil-
lion.  Operating costs are approximately $1.5 million
per year.  Replacement costs for the capital equipment
average about $2.5 million per year.

Many of the techniques found in smaller-scale fa-
cilities have improved dramatically over the last de-
cade.  As an example, the resolution of scanning elec-
tron microscopy has improved at the rate paralleling
Moore’s law.  New characterization techniques have
steadily entered the materials analysis arsenal, result-
ing from fundamental advances made in a variety of
fields.

The accomplishments of characterization techniques
found in smaller facilities have been very impressive
in the 1990s.  For example, scanning probe
microscopies have developed and proliferated.  These
techniques are widely used in furthering understand-
ing of thin film growth.  It is now possible to watch
atoms migrate across surfaces and to image electronic
states from dopants and imperfections in semiconduc-

tors.  Surface atoms can now be manipulated, one atom
at a time, to make quantum corrals or whimsical atomic-
size figures.  New magnetic probes have emerged, in-
cluding magnetic force microscopy and scanning elec-
tron microscopy with polarization analysis.  Transmis-
sion electron microscopy holography has been used to
image vortices in superconductors.  Low-energy elec-
tron microscopy was invented decades ago, but recent
improvements have made it considerably more usable
and more widely available.  Transmission electron
microscopy was used to discover carbon nanotubes and
probe the physical and electronic structure of interfaces.
Interface and surface science studies have elucidated
the Si surface structure at the Si/SiO2 interface, they
have provided fundamental information on bonding and
adhesion, and they have given insight into catalysis via
particle characterization and activity and zeolite struc-
ture determinations.

Various techniques have probed the relationship
between defects and critical currents in high-tempera-
ture superconductivity.

Looking to the future, it seems clear that the tech-
niques resident in smaller-scale facilities will continue
to improve as we seek an ever more detailed view of
the atomic-scale world.  Some of the directions that
appear particularly promising include “smart” tips on
scanning probe microscopes that will have the ability
to recognize and locate specific molecular species.  The
semiconductor industry will demand increasingly
higher sensitivity analysis, particularly of surfaces, as
design rules continue to shrink.  Recent developments
in microelectromechanical devices and systems raise
the possibility of designing and performing portable
microexperiments on very small samples, areas, or
volumes.  Increases in computational power and the
advent of the Internet offer opportunities for remote
control of apparatus and automated data analysis.
Thirty years of work on electron optics has paid off
with the development of aberration corrections that
promise to have tremendous impact on the resolution
obtainable in various electron microscopies, especially
on the scanning electron microscopy of large samples
(e.g., semiconductor wafers).  Work on this problem
required decades of patient investment in research—
investment that was not made in the United States but
instead occurred in Europe, particularly in Germany,
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cilities play—reports of microcharacterization ap-
pear  in 30 percent of recently published materials
physics articles and in 45 percent of materials chem-
istry articles.  Facilities offer the ability to maintain
and operate such capabilities efficiently.  They also
offer access to expert advice on the techniques, edu-
cational opportunities, and centers for technique
development.  The face of materials research would
be unimaginably different without adequately sup-
ported facilities of this kind.

and in Asia.  A direct ramification of this is that the
United States is now behind the rest of the world in
being able to access newly available technology.

Smaller-scale facilities lack the visibility of large-
scale facilities or the broad recognition of impor-
tance that principal investigator research enjoys.
This leads to concerns that such facilities will in-
creasingly be caught in a budget squeeze between
the two ends of the funding spectrum.  It is critical
to realize the important role that smaller-scale fa-

Figure 1. Examples of how major scientific and tech-
nological advances have an impact on new products.
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IV.  Materials R&D—A Vision of the Scientific Frontier

The Science of Modern Technology

Paul Peercy
SEMI/SEMATECH

Electronic, Optical, and Magnetic
Materials and Phenomena

We have seen numerous important unexpected dis-
coveries in all areas of condensed-matter and materi-
als physics in the decade since Physics Through the
Nineties was published.  Although these scientific dis-
coveries are extremely impressive, perhaps equally
impressive are the technological advances based on our
ever-increasing understanding of the basic physics of
materials along with our increasing ability to tailor the
composition and structure of materials in a cost-effec-
tive manner.  Today’s technological revolution would
not be possible without the continuing increase in our
scientific understanding of materials and phenomena,
along with the processing and synthesis required for
high-volume, low-cost manufacturing.  This article ex-
amines selected examples of the scientific and techno-
logical impact of electronic, optical, and magnetic ma-
terials and phenomena.

Technology based on electronic, optical, and mag-
netic materials is driving the information age through
revolutions in computing and communications.  With the
miniaturization made possible by the invention of the
transistor and the integrated circuit (IC), enormous com-
puting and communication capabilities are becoming
readily available worldwide.  These technological ca-
pabilities enabled the Information Age and are funda-
mentally changing how we live, interact, and transact
business.  These technologies provide an excellent dem-
onstration of the strong interdependence and interplay
of science and technology.  They have greatly expanded
the tools and capabilities available to scientists and en-
gineers in all areas of research and development, rang-
ing from basic physics and materials research to other
areas of physics and to such diverse fields as medicine
and biotechnology.

Incorporation of major scientific and technological
advances into new products can take decades and of-
ten follows unpredictable paths.  Selected technologies
supported by the foundations of electronic, photonic,

and magnetic phenomena and materials are illustrated
in Figure 1 (shown on previous page).  These technolo-
gies have enabled breakthrough technologies in virtu-
ally every sector of the national economy.  The two-
way interplay between foundations and technology is a
major driving force in this field.  The most recent fun-
damental advances and technological discoveries have
yet to realize their potential.

The Science of Information Age Technology

The predominant semiconductor technology today
is the silicon-based integrated circuit.  The silicon inte-
grated circuit is the engine that drives the information
revolution.  For the past 30 years, the technology has
been dominated by Moore’s law—the statement that
the density of transistors on a silicon integrated circuit
doubles about every 18 months.  The relentless reduc-
tion in transistor size and increase in circuit density have
provided the increased functionality per unit cost that
underlies the information revolution.  Today’s comput-
ing and communications capability would not be pos-
sible without the phenomenal 25 to 30 percent per year
exponential growth in capability per unit cost since the
introduction of the integrated circuit in about 1960.  That
sustained rate of progress has resulted in low-cost vol-
ume manufacturing of high-density memories with 64
million bits of memory on a chip and complex, high-
performance logic chips with ~10 million transistors on
a chip.  This trend is projected to continue for the next
several years.

If the silicon integrated circuit is the engine that pow-
ers the computing and communications revolution, opti-
cal fibers are the highways for the Information Age.
Although fiber optics is a relatively recent entrant in
the high technology arena, the impact of this technol-
ogy is enormous and growing.  It is now the preferred
technology for transmission of information over long
distances.  There are already approximately 30 million
km of fiber installed in the United States and an esti-
mated 100 million km installed worldwide.  Due in part
to the faster than exponential growth of connections to
the Internet, the installation of optical fiber worldwide
is occurring at an accelerated rate of over 20 million

NOTE:  This article was prepared from written material
provided to the Solid State Sciences Committee by the
speaker.
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km per year—more than 2,000 km/h, or around Mach
2.  In addition, the rate of information transmission down
a single fiber is increasing exponentially at a rate of a
factor of 100 every decade.  Transmission in excess of
1 terabit per second has been demonstrated in the re-
search laboratory, and the time lag between laboratory
demonstration and commercial system deployment is
about 5 years.

Compound semiconductor diode lasers provide the
laser photons that are the vehicles that transport infor-
mation along the optical information highways.  Semi-
conductor diode lasers are also at the heart of optical
storage and compact disk technology.  In addition to
their use in very-high-performance microelectronics
applications, compound semiconductors have proven to
be an extremely fertile field for advancing our under-
standing of fundamental physical phenomena.  Exploit-
ing decades of basic research, we are now beginning
to be able to understand and control all aspects of com-
pound semiconductor structures, from mechanical
through electronic to optical, and to grow devices and
structures with atomic layer control, in a few specific
materials systems.  This capability allows the manu-
facture of high-performance, high-reliability, compound
semiconductor diode lasers that can be modulated at
gigahertz frequencies to send information over the fi-
ber-optical networks.  High-speed semiconductor-based
detectors receive and decode this information.  These
same materials provide the billions of light-emitting di-
odes sold annually for displays, free-space or short-range
high-speed communication, and other applications.  In
addition, very-high-speed, low-power compound semi-
conductor electronics play a major role in wireless com-
munication, especially for portable units and satellite
systems.

Another key enabler of the information revolution is
low-cost, low-power, high-density information storage
that keeps pace with the exponential growth of com-
puting and communication capability.  Both magnetic
and optical storage are in wide use.  Very recently, the
highest-performance magnetic storage/readout devices
have begun to rely on giant magnetoresistance (GMR),
a phenomenon that was discovered by building on more
than a century of research in magnetic materials.  Al-
though Lord Kelvin discovered magnetoresistance in
1856, it was not until the early 1990s that commercial
products using this technology were introduced.  In the
last decade, the condensed-matter and materials un-
derstanding converged with advances in our ability to
deposit materials with atomic-level control to produce
the GMR heads that were introduced in workstations

in late 1997.  It is hoped that, with additional research
and development, spin valve and colossal magnetore-
sistance technology may be understood and applied to
workstations of the future.  This increased understand-
ing, provided in part by our increased computational
ability arising from the increasing power of silicon ICs,
coupled with atomic-level control of materials, led to
exponential growth in the storage density of magnetic
materials analogous to Moore’s law for transistor den-
sity in silicon ICs.

Future Directions and Research Priorities

Numerous outstanding scientific and technological
research needs have been identified in electronic, pho-
tonic, and magnetic materials and phenomena.  If those
needs are met, it is anticipated that these technology
areas will continue to follow their historical exponential
growth in capability per unit cost for the next few years.
Silicon integrated circuits are expected to follow Moore’s
law at least until the limits of optical lithography are
reached, transmission bandwidth of optical fibers is
expected to grow exponentially with advances in opti-
cal technology and the development of soliton propaga-
tion, and storage density in magnetic media is expected
to grow exponentially with the maturation of GMR and
development of colossal magnetoresistance in the not
too distant future.  Although these changes will have a
major impact on computing and communications over
the next few years, it is clear that extensive research
will be required to produce new concepts and that new
approaches must be developed to reduce research con-
cepts to practice if these industries are to maintain their
historical growth rate over the long term.

Continued research is needed to advance the fun-
damental understanding of materials and phenom-
ena in all areas.  More than a century of research in
magnetic materials and phenomena has given us an
understanding of many aspects of magnetism, but
we still lack a comprehensive first-principles under-
standing of magnetism.  By comparison, the tech-
nology underlying optical communication is very
young.  The past few years have seen enormous
scientific and technological advances in optical struc-
tures, devices, and systems.  New concepts such as
photonic lattices, which are expected to have sig-
nificant technological impact, are emerging.  We have
every reason to believe that this field will continue
to advance rapidly with commensurate impact on
communications and computing.

As device and feature sizes continue to shrink in
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integrated circuits, scaling will encounter fundamental
physical limits.  The feature sizes at which these limits
will be encountered and their implications are not un-
derstood.  Extensive research is needed to develop in-
terconnect technologies that go beyond normal metal
and dielectrics in the relatively near term.  Longer term,
technologies are needed to replace today’s Si field-ef-
fect transistors.  One approach that bears investigation
is quantum state switching and logic as devices and
structures move further into the quantum mechanical
regime.

A major future direction is nanostructures and artifi-
cially structured materials, which was a general theme
in all three areas.  In all cases, artificially structured
materials with properties not available in nature revealed
unexpected new scientific phenomena and led to im-
portant technological applications.  As sizes continue to
decrease, new synthesis and processing technologies
will be required.  A particularly promising area is self-
assembled materials.  We need to expand research in
self-assembled materials to address such questions
as how to controllably create the desired one-, two-
, and three-dimensional structures.

As our scientific understanding increases and syn-
thesis and processing of organic materials systems
mature, these materials are expected to increase in im-
portance for optoelectronic, and perhaps electronic,
applications.  Many of the recent technological advances
are the result of strong interdisciplinary efforts as re-
search results from complementary fields are harvested
at the interface between the fields.  This is expected to
be the case for organic materials; increased interdisci-
plinary efforts, for example between CMMP, chemis-
try, and biology, offer the promise of equally impressive
advances in biotechnology.

Conclusion

In conclusion, we identify a few major scientific and
technological questions that are still outstanding and call

attention to research and development priorities.

Selected Major Unresolved Scientific
and Technology Questions

• What technology will replace normal metals and
dielectrics for interconnect in silicon ICs as
speed continues to increase?

• What is beyond today’s field-effect transistor-
based Si technology?

• Can we create an all-optical communications/
computing network

• Can we understand magnetism on the
mesoscales and nanoscales needed to continue
to advance technology?

• Can we fabricate devices with 100 percent spin-
polarized current injection?

Priorities

• Advance synthesis and processing techniques,
including nanostructures and self-assembled
one-, two-, and three-dimensional structures;

• Pursue quantum state logic;
• Exploit physics and materials science for low-

cost manufacturing;
• Pursue the physics and chemistry of organic

and other complex materials for optical, elec-
trical, and magnetic applications;

• Develop techniques to magnetically detect in-
dividual electron and nuclear spins with atomic-
scale resolution; and

• Increase partnerships and cross-education/com-
munications among industry, university, and gov-
ernment laboratories.
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Novel Quantum Phenomena in Condensed-Matter Systems

Steven M.  Girvin
Indiana University

The various quantum Hall effects (QHEs) are argu-
ably some of the most remarkable many-body phenom-
ena discovered in the second half of the 20th century,
comparable in intellectual importance to superconduc-
tivity and superfluidity.  They are an extremely rich
set of phenomena with deep and truly fundamental theo-
retical implications.  The fractional effect, for which
the 1998 Nobel Prize in Physics was awarded, has
yielded fractional charge, spin, and statistics, as well
as unprecedented order parameters.  There are beauti-
ful connections with a variety of different topological
and conformal field theories studied as formal models
in particle theory, each here made manifest by the twist
of an experimental knob.  Where else but in condensed-
matter physics can an experimentalist change the num-
ber of flavors of relativistic chiral Fermions or set by hand
the Chern-Simons coupling that controls the mixing angle
for charge and flux in 2+1D electrodynamics?

Because of recent technological advances in mo-
lecular beam epitaxy and the fabrication of artificial
structures, the field continues to advance with new dis-
coveries even well into the second decade of its exist-
ence.  Experiments in the field were limited for many
years to simple transport measurements that indirectly
determine charge gaps.  However recent advances have
led to many successful new optical, acoustic, micro-
wave, specific heat, and nuclear magnetic resonance
(NMR) probes, which continue to advance our knowl-
edge as well as raise intriguing new puzzles.

The QHE takes place in a two-dimensional electron
gas subjected to a high magnetic field.  In essence, it is
a result of commensuration between the number of elec-
trons, N, and the number of flux quanta, NΦ, in the
applied magnetic field.  The electrons undergo a series
of condensations into new states with highly nontrivial
properties whenever the filling factor ν = N/NΦ takes
on simple rational values.  The original experimental
manifestation of the effect was the observation of an
energy gap yielding dissipationless transport (at zero
temperature) much like in a superconductor.  The Hall
conductivity in this dissipationless state is universal,
given by σxy = νe2/h independent of microscopic de-

tails.  As a result of this, it is possible to make a high-
precision determination of the fine structure constant
and to realize a highly reproducible quantum mechani-
cal unit of electrical resistance, now used by standards
laboratories around the world to maintain the ohm.

The integer quantum Hall effect owes its origin to
an excitation gap associated with the discrete kinetic
energy levels (Landau levels) in a magnetic field.  The
fractional quantum Hall effect has its origins in very
different physics of strong Coulomb correlations, which
produce a Mott-insulator-like excitation gap.  In some
ways, however, this gap is more like that in a super-
conductor, because it is not tied to a periodic lattice
potential.  This permits uniform charge flow of the in-
compressible electron liquid and hence a quantized Hall
conductivity.

The microscopic correlations leading to the excita-
tion gap are captured in a revolutionary wave function
developed by R.B. Laughlin that describes an incom-
pressible quantum liquid.  The charged quasi particle
excitations in this system are “anyons” carrying frac-
tional statistics intermediate between bosons and Fer-
mions and carrying fractional charge.  This sharp frac-
tional charge, which despite its bizarre nature has al-
ways been on solid theoretical ground, has recently been
directly observed two different ways.  The first is an
equilibrium thermodynamic measurement using an
ultrasensitive electrometer built from quantum dots.
The second is a dynamical measurement using exquis-
itely sensitive detection of the shot noise for quasi
particles tunneling across a quantum Hall device.

Quantum mechanics allows for the possibility of
fractional average charge in both a trivial way and a
highly nontrivial way.  As an example of the former,
consider a system of three protons forming an equilat-
eral triangle and one electron tunneling among the 1S
atomic bound states on the different protons.  The elec-
tronic ground state is a symmetric linear superposition
of quantum amplitudes to be in each of the three dif-
ferent 1S orbitals.  In this trivial case, the mean elec-
tron number for a given orbital is 1/3.  This, however,
is a result of statistical fluctuations because a measure-
ment will yield electron number 0 two-thirds of the
time and electron number 1 one-third of the time.  These
fluctuations occur on a very slow time scale and are
associated with the fact that the electronic spectrum

NOTE:  This article was prepared from written material
provided to the Solid State Sciences Committee by the
speaker.
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consists of three very nearly degenerate states corre-
sponding to the different orthogonal combinations of
the three atomic orbitals.

The ν = 1/3 QHE has charge 1/3 quasi particles but
is profoundly different from the trivial scenario just
described.  An electron added to a  ν = 1/3  system
breaks up into three charge 1/3 quasi particles.  If the
locations of the quasi particles are pinned by (say) an
impurity potential, the excitation gap still remains ro-
bust and the resulting ground state is nondegenerate.
This means that a quasi particle is not a place (like the
proton above) where an extra electron spends one-third
of its time.  The lack of degeneracy implies that the
location of the quasi particle completely specifies the
state of the system, that is, implies that these are fun-
damental elementary particles with charge 1/3.  Be-
cause there is a finite gap, this charge is a sharp quan-
tum observable that does not fluctuate (for frequencies
below the gap scale).

The message here is that the charge of the quasi
particles is sharp to the observers as long as the gap
energy scale is considered large.  If the gap were 10
GeV instead of 10 K, we (living at room temperature)
would have no trouble accepting the concept of frac-
tional charge.

Magnetic Order of Spins and Pseudospins

At certain filling factors (ν = 1, in particular) quan-
tum Hall systems exhibit spontaneous magnetic order.
For reasons peculiar to the band structure of the GaAs
host semiconductor, the external magnetic field couples
exceptionally strongly to the orbital motion (giving a
large Landau level splitting) and exceptionally weakly
to the spin degrees of freedom (giving a very small
Zeeman gap).  The resulting low-energy spin degrees
of freedom of this ferromagnet have some rather novel
properties that have recently begun to be probed by
NMR, specific heat, and other measurements.

Because the lowest spin state of the lowest Landau
is completely filled at ν = 1, the only way to add charge
is with reversed spin.  However, because the exchange
energy is large and prefers locally parallel spins (and
because the Zeeman energy is small), it is cheaper to
partially turn over several spins forming a smooth to-
pological spin “texture.”  Because this is an itinerant
magnet with a quantized Hall conductivity, it turns out
that this texture (called a skyrmion by analogy with
the corresponding object in the Skyrme model of
nuclear physics) accommodates precisely one extra unit
of charge.  NMR Knight shift measurements have con-

firmed the prediction that each charge added (or re-
moved) from the ν = 1 state flips over several (~ 4 to
30 depending on the pressure) spins.  In the presence
of skyrmions, the ferromagnetic order is no longer col-
linear, leading to the possibility of additional low-en-
ergy spin wave modes, which remain gapless even in
the presence of the Zeeman field (somewhat analogous
to an antiferromagnet).  These low-frequency spin fluc-
tuations have been indirectly observed through a dra-
matic enhancement of the nuclear spin relaxation rate
1/T1.  In fact, under some conditions T1  becomes so
short that the nuclei come into thermal equilibrium with
the lattice via interactions with the inversion layer elec-
trons.  This has recently been observed experimentally
through an enormous enhancement of the specific heat
by more than five orders of magnitude.

Spin is not the only internal degree of freedom that
can spontaneously order.  There has been considerable
recent progress experimentally in overcoming techni-
cal difficulties in the MBE fabrication of high-quality
multiple-well systems.  It is now possible for example
to make a pair of identical electron gases in quantum
wells separated by a distance (~ 100 Å) comparable to
the electron spacing within a single quantum well.
Under these conditions, strong interlayer correlations
can be expected.  One of the peculiarities of quantum
mechanics is that, even in the absence of tunneling
between the layers, it is possible for the electrons to be
in a coherent state in which their layer index is uncer-
tain.  To understand the implications of this, we can
define a pseudospin that is up if the electron is in the
first layer and down if it is in the second.  Spontaneous
interlayer coherence corresponds to spontaneous
pseudospin magnetization lying in the XY plane (cor-
responding to a coherent mixture of pseudospin up and
down).  If the total filling factor for the two layers is ν
= 1, then the Coulomb exchange energy will strongly
favor this magnetic order just as it does for real spins
as discussed above.  This long-range transverse order
has been observed experimentally through the strong
response of the system to a weak magnetic field ap-
plied in the plane of the electron gases in the presence
of weak tunneling between the layers.

Another interesting aspect of two-layer systems is
that, despite their extreme proximity, it is possible to
make separate electrical contact to each layer and per-
form drag experiments in which current in one layer
induces a voltage in the other due to Coulomb or
phonon-mediated interactions.

Stacking together many quantum wells gives an arti-
ficial three-dimensional structure analogous to certain
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provided a wonderful testing ground for our under-
standing of strongly correlated quantum ground states
that do not fit into the old framework of Landau’s Fermi
liquid picture.  As such, they are providing valuable
hints on how to think about other strongly correlated
systems such as heavy Fermion materials and high-
temperature superconductors.

organic Bechgaard salts in which the QHE has been
observed.  There is recent growing interest in the bulk
and edge (“surface”) states of such three-dimensional
systems and with the nature of possible Anderson lo-
calization transitions.

These phenomena and numerous others, which can-
not be mentioned because of space limitations, have

Nonequilibrium Physics

James S.  Langer
University of California, Santa Barbara

Nonequilibrium physics is concerned with sys-
tems that are not in mechanical or thermal equilib-
rium with their surroundings.  Examples include
flowing fluids under pressure gradients, solids de-
forming or fracturing under external stresses, and
quantum systems driven by magnetic fields.  These
systems often lead to very familiar patterns such as
snowflakes, dendritic microstructures in alloys, or
chaotic motions in turbulent fluids.  Many of these
are familiar phenomena governed by well-under-
stood equations of motion (e.g., the Navier Stokes
equation), but in some of the most interesting cases,
the implications of these equations are not under-
stood.

The Brinkman report (Physics Through the 1990s,
National Academy Press, Washington, D.C., 1986)
recognized the significance of the emerging field of
nonequilibrium physics but missed some of the most
important topics of current research such as friction,
fracture, and granular materials.  Notable progress
has been made in the last decade regarding patterns
in convecting and vibrating fluids, reaction-diffu-
sion systems, aggregation, and membrane morphol-
ogy.

The patterns observed in nonequilibrium systems
are especially sensitive to small perturbations.
Weather phenomena are a prime example.  Long-
range weather forecasting requires precise charac-
terization of current and past weather conditions.
As such characterization becomes more detailed, it
is possible to predict future patterns with increas-
ing accuracy.  One task of nonequilibrium physics
is quantifying the relationship between precision and

predictability.
In spite of decades of study, the origin of ductil-

ity in materials remains a key unsolved problem of
nonequilibrium physics.  Traditional explanations
based on dislocations do not explain observations
such as ductility in glassy materials.  We lack a good
theory of ductile yielding in situations where stresses
and strains vary rapidly in space and time.

One of the most important recent observations is
that fast brittle cracks undergo materials-specific in-
stabilities leading to roughness on the fracture sur-
face.  Stick-slip friction is also observed on large
scales, for example, in earthquake dynamics.  The
nature of these processes, including the issue of lu-
bricated friction, is a key problem of nonequilibrium
physics.

Granular materials are an example of a familiar
class of materials of considerable industrial impor-
tance that have escaped scrutiny by physicists until
recently.  These materials are highly inelastic in their
interactions.  When granular materials cohere
slightly, they can behave like viscous fluids as in
saturated soil.  If the coherence is strong, then we
have sandstone or concrete, which behaves more like
ordinary solids.  If complex dynamics are added,
we have foams or dense colloidal suspensions.  The
nature of lubrication is also relevant to these prob-
lems.

These and many other open problems show that
the frontiers of physics include many very familiar
phenomena.  In many cases, these problems are of
great importance to materials properties and indus-
trial processes.
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Soft Condensed Matter

V. Adrian Parsegian
National Institutes of Health

Adrian Parsegian opened his remarks on soft con-
densed matter research with the question, “When was
American poetry born?”  He quoted William Saroyan’s
response, “When people not trained in poetry began
writing it.”   No one can imagine Walt Whitman’s po-
etry being written in England or anywhere except
America.  It was “an instantaneous flop” because people
did not think it was even “poetry.”  The clear implica-
tion for the field of condensed-matter and materials
physics is that soft materials physics will flourish only
after much initial skepticism and even resistance are
overcome.

Advancing our understanding of soft materials re-
quires an unprecedented combination of traditionally
distinct, and noninteracting, fields.  One of the greatest
challenges is the simple recognition and appreciation
of the disparate skills required for attacking problems
with relentlessly increasing levels of complexity.  For
example, as the genome project unfolds, uncovering
seemingly endless genetic information, synthetic chem-
ists and physicists face the daunting task of producing
and understanding the complex interactions that gov-
ern biological function occurring at length scales rang-
ing from atomic to supramolecular dimensions.  Such
problems may not succumb to the conventional reduc-
tive methods familiar to most physicists.  Modern in-
strumentation such as third- and even fourth-genera-
tion synchrotrons, high-flux neutron sources, and high-
resolution nuclear magnetic resonance spectrometers
provide powerful means for exploring these issues.
However, are these potent tools the key to uncovering
the secrets of biology?  “What constitutes understand-
ing in this business?” asks Parsegian, adding, “An ex-
planation that satisfies the physicist may be thoroughly
irrelevant to the gene therapist.”  Established ap-
proaches toward education and funding and even atti-
tudes about industrial interactions must change if the
physics community is to have a demonstrable and
meaningful impact on this burgeoning field.

 Many of the macroscopic properties of soft materials
are foreign to the condensed-matter physicist.  Softness
is substituted for hardness as a desirable property; mal-
leability, extensibility, and compliance replace stiffness
and shape retention; and fragility is often more valuable
than durability.  These themes are stimulating a new type
of physics that relies on the same bedrock principles enu-

merated in elementary physics education but must be
augmented by the targeted interdisciplinary studies of
medicine, food, polymers, and many others.

 The field of polymers provides a bridge between
conventional physics and the biologically oriented sci-
ences and engineering.  Both natural and synthetic
macromolecules offer numerous research and devel-
opment opportunities.  Polysaccharides and milk pro-
teins are identified by Parsegian as examples of ubiq-
uitous and naturally occurring macromolecules that
may be formulated into novel items of commerce for
use in foods and environmentally benign—even bio-
degradable—plastics.  Advances in synthetic chemis-
try during the past decade have greatly expanded our
ability to tailor molecular architecture, even in the sim-
plest of polymers known as polyolefins, prepared from
just carbon and hydrogen.  This class of synthetic poly-
mers makes up roughly 60 percent of the entire syn-
thetic polymer market.  Yet the commercial conse-
quences of varying the number and length of side
branches, grafts, and block sequencing on the melt flow
properties, crystallization kinetics, and ultimate me-
chanical properties are just now being realized.
Dendrimers, precisely and highly branched giant mol-
ecules that can assume a nearly perfect spherical to-
pology, offer fresh strategies for manipulating poly-
mer rheology and may provide ideal substrates for de-
livering drugs to the human body.

 Parsegian noted that polyelectrolytes are an espe-
cially important class of materials, since almost all
forms of biologically relevant matter contain macro-
molecules with some degree of ionic charging.  Yet
polyelectrolytes present some of the toughest chal-
lenges to condensed matter physics, convoluting elec-
trostatic interactions, self-avoiding chain statistics, and
traditional solution thermodynamics with self-assem-
bly into higher-order structures that rely on tertiary and
quaternary interactions.

 Application of physics to biological problems is not
a new phenomenon.  Physicists have made significant
contributions to the field of protein folding for nearly
35 years.  In fact, physicists have defined the “language”
of the field and created exquisite tools for simulating
and even “watching” individual molecules.  For ex-
ample, optical tweezers techniques permit quantifica-
tion of the force versus extension relationship of indi-



Copyright © National Academy of Sciences. All rights reserved.

Materials in a New Era: Proceedings of the 1999 Solid State Sciences Committee Forum
http://www.nap.edu/catalog/9737.html

50

ing) often comes from fundamental advances in phys-
ics.  Medical doctors and researchers should understand
the origins of their equipment and appreciate the un-
derlying principles of operation.  Parsegian offered an
assortment of recommendations for improving the cur-
rent situation.  Basic research, which fuels practical
developments in industry and medicine, would benefit
from the following innovations:  (1) grant mechanisms
that encourage interdisciplinary work; (2) special grants
that circumvent the double jeopardy of being judged
both as a biologist and a physicist; (3) fellowships for
physicists, including theorists, to work in biological
laboratories; and (4) maximized contact between uni-
versity researchers and industrial scientists, especially
those from the chemical, medical, and pharmaceutical
industries.

 Changes in education were also prescribed.  New
physics courses must be developed that are targeted at
biologists; and physicists should be trained in chemistry,
biochemistry, and molecular biology.  Introductory phys-
ics courses must begin to emphasize soft systems in ad-
dition to the traditional curriculum.  There should be “bi-
lingual” textbooks, aimed at both physicists and biolo-
gists.  Summer schools with laboratories for scientists at
all stages of their careers and interdisciplinary workshops
can be established.  In short, the field of physics should
spread itself out from the confines of physics departments,
while broadening its horizons to encompass the emerg-
ing exciting world of soft matter.

vidual biomolecules such as DNA.  These studies are
not yet the clinical analysis of protein-folding and prion-
related illnesses such as Alzheimer’s and “Mad Cow”
disease.

 “Why are physicists frequently off the biological
radar screen? “ asks Parsegian.

 “In large part they are seen as insular and paro-
chial,” is the response he has received to this question.
He points out key differences in how physicists ap-
proach problemsolving through a simple example—
understanding the force required to separate two inter-
acting biomolecules, as might be encountered in cell
adhesion.  This delicate problem depends on the time
scale of the experiment as much as the force applied
and the displacement measured.  Given enough time,
the molecules will disengage without any applied force.
Physicists must resist the temptation to connect or
reconfigure anything biological into a conventional,
solved, physics problem, in this case treating the
biomolecular interactions with traditional static inter-
molecular potentials.

 Rectifying these shortcomings, that is, making
physics visible and relevant to the biological sciences,
will require education on the part of biologists as well
as physicists.  Biologists and medical researchers must
understand the utility and importance of physics to their
work.  For example, the sophisticated instrumentation
that is often the source of so many scientific revela-
tions (e.g.,  three-dimensional NMR and x-ray imag-

Fractional Charges and Other Tales from Flatland

Horst Störmer
Bell Laboratories and Columbia University

Flatland is two-dimensional space.  In nature it is
found at surfaces or at interfaces.  The quantum Hall
effect (QHE) and fractional quantum Hall effect
(FQHE) are properties of electrons confined to the in-
terface region of semiconductor quantum wells.  The
electrons can move along the two-dimensional surface
of the interface but are confined in the third direction.
A Nobel prize was awarded to Klaus von Klitzing in
1985 for the discovery of the QHE, and Störmer, D.C.
Tsui, and Robert Laughlin shared the 1998 Nobel Prize
in Physics for their discovery of the FQHE.  This re-
search area continues to be interesting, with many new
ideas and discoveries.

E.H. Hall discovered in 1878 a transverse voltage
Vxy when a magnetic field B is imposed perpendicular
(z-direction) to the direction of electrical current.  The

voltage is proportional to the current Ix in the layer.
The ratio Vxy/Ix = Rxy defines the transverse resistance.
The QHE is the observation of plateaus in the trans-
verse resistance when measured as a function of mag-
netic field.  These plateaus occur when Landau levels
are completely filled with electrons.  During these pla-
teaus, the longitudinal resistance (RXX = VXX/Ix) appears
to vanish: It actually declines to a very small value.
The plateaus have a value of resistance that are mul-
tiples of the fundamental value h/e2 = 258120, where h
is Planck’s constant and e is the unit of charge.  The
plateaus have the same value in each sample.  They
have become the new international standard of resis-
tance.

Störmer, Tsui, and Gossard continued the measure-
ments of the Hall effect to very high values of mag-
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netic field.  They discovered additional plateaus in the
transverse resistance.  These plateaus occur at values
that imply that the Landau levels are fractionally occu-
pied:  1/3, 2/5, and so on.  The experiments continue,
with samples of increasing purity, at lower tempera-
ture, and with higher magnetic field.  Low-tempera-
ture values of the mobility in GaAs/AlGaAs wells are
now µ = 2 × 107 cm2/(Vs).  The mean-free-path of the
electrons is on the order of 100 × 10-6 m.  In these
recent measurements, the list of fractions is quite large,
with unlikely numbers such as 5/23 appearing.

Why are there fractions?  The two-dimensional gas
of electrons becomes highly correlated.  It is difficult
to imagine a many-body system that is as simple and
as profound.  At these high values of magnetic field,
the electrons have circular orbits, due to the field, which
have a small radius.  The separation between electrons
is much longer then the diameter of the orbits.  The
electrons are becoming localized into a kind of Wigner
crystal.  However, they have unusual motion, because
they have no kinetics.  Their correlation is entirely due
to their mutual Coulomb interaction.  The fractions in-
dicate the existence of highly correlated states that oc-
cur at these fractional fillings.  The topic is fascinating
to theoretical physicists, who try to explain the origin
of all of these states.

The most important fraction is 1/3.  It was discovered
first and has a large plateau in the Hall resistance.  Each

quantum of flux can be considered to be a vortex in the
plane.  For the 1/3 state, there are three vortices for each
electron.  The three vortices get attached to the electron
and form a quasi particle called a “composite.”  For the 1/
3 state, it is a “composite Boson,” and the collective state
is due to a Bose-Einstein condensation of these quasi par-
ticles.  Noise measurements in the resistivity confirm that
the charge on the current carriers is actually e/3.  The
excitation energy to excite an electron out of the corre-
lated state is ∆E = 10 K in temperature units.  This energy
is large, because the experiments are performed at a small
fraction of a degree.

At the fraction 1/2, the quasi particles are “compos-
ite Fermions,” which cannot form a condensate.  There
are no plateaus at this fraction, although it is specu-
lated that the Fermions form a superfluid state akin to
the Bardeen-Cooper-Schrieffer state in a superconduc-
tor.  This pairing of Fermions is thought to explain the
features of the 5/2 state in particular.  For fractions
written as the ratio of two integers q/p, even values of
p are composite Fermions and odd values of p denote
composite Bosons.

New fractions continue to be discovered.  The graph
of the transverse resistance appears to be a “devil’s stair-
case” of an infinite number of steps of irregular width.
Physicists have always been fascinated by the highly
correlated electron gas.  There is no more highly cor-
related system of electrons than is found in the FQHE.



Copyright © National Academy of Sciences. All rights reserved.

Materials in a New Era: Proceedings of the 1999 Solid State Sciences Committee Forum
http://www.nap.edu/catalog/9737.html

52



Copyright © National Academy of Sciences. All rights reserved.

Materials in a New Era: Proceedings of the 1999 Solid State Sciences Committee Forum
http://www.nap.edu/catalog/9737.html

53

 List of Participants

Raymond Kammer National Institute of Standards
and Technology

Elton N. Kaufmann Argonne National Laboratory
Richard D. Kelley U.S. Department of Energy
Ronald L. Kelley Strategic Partners, Inc.
Thomas A. Kitchens U.S. Department of Energy
Martha Krebs U.S. Department of Energy
James S. Langer University of California, Santa

Barbara
Bennett C. Larson Oak Ridge National Laboratory
Kalle Levon Polytechnic University
J. David Litster Massachusetts Institute of

Technology
Gabrielle G. Long National Institute of Standards

and Technology
Andrew J. Lovinger National Science Foundation
Gloria B. Lubkin American Institute of Physics
Gerald D. Mahan University of Tennessee at

Knoxville
Harris L. Marcus University of Connecticut
Ernesto E. Marinero IBM Almaden Research Center
Hans Mark U.S. Department of Defense
Thom Mason Oak Ridge National Laboratory
Ronald H. McKnight U.S. Department of Energy
John McTague Ford Motor Company
Denis McWhan Brookhaven National Laboratory
Gary L. Messing Pennsylvania State University
John W. Mintmire National Science Foundation
David E. Moncton Argonne National Laboratory
Cherry A. Murray Bell Laboratories, Lucent

Technologies
Venky Narayanamurti Harvard University
William Oosterhuis U.S. Department of Energy
Carlo G. Pantano Pennsylvania State University
V. Adrian Parsegian National Institutes of Health
Paul S. Peercy SEMI/SEMATECH
Julia M. Phillips Sandia National Laboratories
James J. Rhyne University of Missouri
James B. Roberto Oak Ridge National Laboratory
Laura Lyman Rodriguez Office of Representative Vernon

Ehlers
J. Michael Rowe National Institute of Standards

and Technology
John J. Rush National Institute of Standards

and Technology
Thomas P. Russell University of Massachusetts
Myriam P. Sarachik CUNY/City College of New

York
Dale W. Schaefer University of Cincinnati

Reza Abbaschian University of Florida
Gabriel Aeppli NEC Research Institute
John C. Angus Case Western Reserve Univer-

sity
Neil W. Ashcroft Cornell University
Frank S. Bates University of Minnesota
Inder P. Batra University of Illinois, Chicago
Arpad A. Bergh Optoelectronics Industry

Development Association
Francois Bertin Embassy of France
Arthur Bienenstock Office of Science and Technol-

ogy Policy
Marvin Cassman National Institute of General

Medical Sciences
Robert P.H. Chang Northwestern University
Yok Chen U.S. Department of Energy
Charles W. Clark National Institute of Standards

and Technology
Melissa J. Crimp Michigan State University
Adriaan M. de Graaf National Science Foundation
Patricia M. Dehmer U.S. Department of Energy
Alan L. Dragoo U.S. Department of Energy
Robert A. Eisenstein National Science Foundation
Nicholas G. Eror University of Pittsburgh
Barry L. Farmer Air Force Research Laboratory
Timothy Fitzsimmons U.S. Department of Energy
Paul A. Fleury University of New Mexico
Judy R. Franz American Physical Society
Hans P.R. Frederikse Retired
J. Murray Gibson University of Illinois at Urbana-

Champaign and Argonne
National Laboratory

Steven M. Girvin Indiana University at
Bloomington

Sharon C. Glotzer National Institute of Standards
and Technology

Henry R. Glyde University of Delaware
Irwin Goodwin Physics Today
Robert J. Gottschall U.S. Department of Energy
Robert E. Green, Jr. Johns Hopkins University
Dale E. Hall National Institute of Standards

and Technology
Craig S. Hartley U.S. Department of Energy
Lance Haworth National Science Foundation
John R. Hellmann Pennsylvania State Universtiy
Brian C. Holloway College of William and Mary
Daryush Ila Alabama A&M University
Kenneth L. Jewett National Institute of Standards

and Technology



Copyright © National Academy of Sciences. All rights reserved.

Materials in a New Era: Proceedings of the 1999 Solid State Sciences Committee Forum
http://www.nap.edu/catalog/9737.html

54

Helene Schember Cornell Center for Materials
Research

Michael A. Schen National Institute of Standards
and Technology

Lyle H. Schwartz National Institute of Standards
and Technology

Thomas J. Shaffner National Institute of Standards
and Technology

D.W. Shaw University of Texas at Dallas
Linda L. Slakey University of Massachusetts–

Amherst
Leslie E. Smith National Institute of Standards

and Technology
John C.H. Spence Arizona State University
Vojislav Srdanov University of California, Santa

Barbara

Ellen B. Stechel Ford Motor Company
Skip Stiles U.S. House of Representatives

Science Committee
Horst Störmer Bell Laboratories and Columbia

University
Iran Thomas U.S. Department of Energy
Matesh Varma U.S. Department of Energy
Harlan Watson U.S. House of Representatives

Science Committee
Thomas A. Weber National Science Foundation
Harold Weinstock Air Force Office of Scientific

Research
Henry W. White University of Missouri
Hollis Wickman National Science Foundation
David M. Zehner Oak Ridge National Laboratory
Thomas E. Zipperian Sandia National Laboratories


