DMR Research and Education Highlights in 2000

· Nobel Prize in Chemistry for 2000

Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa shared the Nobel Prize for Chemistry in 2000 for the discovery and development of conductive polymers. The Division of Materials Research has supported both Heeger and MacDiarmid since the 1970s, and their collaboration was fostered by support from the DMR-funded Materials Research Laboratory at the University of Pennsylvania. They made their seminal findings at the end of the 1970s and have subsequently developed conductive polymers into a research field of great importance for materials scientists and physicists as well as chemists. Their collaborative work is an excellent example of the progress that can be made when synthetic organic chemists collaborate with solid state physicists.  The area they pioneered has also yielded important practical applications.  For example, conductive plastics are used as anti-static substances for photographic film, shields against electromagnetic radiation, and for "smart" windows that can exclude sunlight. Semiconducting polymers have recently been developed in light-emitting diodes, solar cells and as displays in mobile telephones and mini-format television screens, and research on these materials is also critical to the future development of molecular electronics.
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Photonic Waveguides.  Computers and communications systems of the future may rely on fast optical or “photonic” systems rather than electronics.  Edwin L. Thomas and his colleagues at MIT have created cylindrical photonic bandgaps using alternating concentric layers of polystyrene and tellurium having specified thicknesses.  These “omniguides” cause complete internal reflection regardless of direction of polarization and allow guiding of light around sharp corners.  Depending upon the tube diameter, the guides can be tuned for use anywhere from CO2-laser to telecommunications wavelengths.  This discovery was cited by Science as one of its Top 10 “Breakthroughs of the Year”.
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Nanodumplings.  Karen Wooley (Washington University) and her students created tiny nanometer-sized spheres or “nanodumplings”.  The spheres are easily synthesized using self-assembly techniques and have sizes (5-100 nm) and structures very similar to many biological agents (e.g., lipoproteins, globular proteins, viruses).  As a result, they may be useful as emulsifying agents for "green chemistry” and for biomedical applications.  Chemical & Engineering News highlighted this work under the title “Nanodumplings Eyed for DNA Delivery”.

· Left-handed Materials.  Sheldon Schultz, UC/San Diego, and colleagues discovered the first "Left-Handed" Material, or Metamaterial.  The overwhelming majority of materials have positive values of dielectric permittivity and magnetic susceptibility, and hence are right-handed materials.  By developing composite materials with negative effective susceptibility, an entirely new class of  materials is available for special applications, including new approaches to antenna design, materials with reduced radar cross-section, and active multifunctional materials. 

The figure shows a schematic of microwave propagation through a metamaterial.
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A top view of the experimental setup. Microwaves enter a cavity from the left. They fall on the composite material consisting of alternating rows of rods and thin copper patterned disks (1 cm in diameter). 

A side-view of the microwaves hitting the composite material. 
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Atom Plumbing.   Researchers at the Harvard University Materials Research Science and Engineering Center have demonstrated that microfabricated gold wires on a substrate can create a magnetic field that guides neutral atoms, just as optical fibers guide light.  A microscope photograph of a micro-electromagnet atom guide is shown.   The long-term importance of the demonstration of chip-based waveguides for neutral atoms is enormous. They represent an important advance in atom plumbing that can be used to transport atoms and Bose condensates and open up a new regime of the physics of tightly confined atoms.   Simulations done by the Harvard team suggest that atom beamsplitters and interferometers can be fabricated using these atom guides, opening the way for robust and sensitive atom gyroscopes and for apparatus designed to test general relativity.
· World’s Most Powerful Magnet.   
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A team of researchers from the National High Magnetic Field Laboratory conducted the first research in continuous magnetic fields of 45 tesla (one million times the Earth's magnetic field) in the new hybrid magnet in June 2000. The hybrid magnet is a major achievement of this national user facility.  This new magnetic field strength gives scientists a new scale of magnetic energy to create new states of matter and probe deeper into electronic and magnetic materials than ever before.

· Behavior of Complex Networks.  Recently Barabasi et al. At Notre Dame have looked at the presence of random errors and attacks on complex networks such as the Internet, the Worldwide Web, and neurological, social, political and economic networks.  They look at two extreme cases: random, exponential networks and self-organized, scale-free networks.  The latter are described by power laws.  Scale-free networks are robust to random errors, but are very susceptible to directed attack at its nodes.  This research provides a framework to design and understand robust networks whether they are computational nodes, neurons, or atoms in glassy materials.
· Biotechnology Leads to New Route to Silicon-Based Materials.  Rapid progress using the tools of biotechnology led researchers at the University of California-Santa Barbara Materials Research Laboratory to discover a protein used by living organisms to make exquisitely controlled structures from silicon at low temperature. Glassy needles of silica (2 mm long x 30 mm diam.) comprise 75% of the dry weight of a common sponge.  The researchers at UCSB discovered that protein filaments inside these needles can catalyze the synthesis of silica or silicones.  In contrast to this biological route, present human manufacturing of silicon-based materials for a wide range of applications in semiconductors, glasses, ceramics, plastics, optical fibers and coatings, insulators and cosmetics requires energy-expensive high temperatures and dangerous caustic chemicals.  Using genetic and protein engineering, the UCSB researchers identified the structures in the protein responsible for its ability to catalyze the polymerization of silica and silicone polymers, and harnessed this mechanism by designing a synthetic catalyst to do the same job.  This discovery points the way to the development of new, environmentally friendly routes to the synthesis of high-performance silicon-based materials.
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phosphors under UV excitation.
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Faster Communications.  Larry R. Dalton and his collaborators at U. Washington, Seattle have invented a new polymeric electro-optic modulator that could increase the speed and capacity of fiber-optic communications by as much as tenfold.  At the heart of this device are new ellipsoidally-shaped chromophores designed and synthesized by Dalton, which enable improved alignment within their  polymeric matrix and much lower power requirements.  This work attracted significant media attention, including a half-page story in The Washington Post (inset) and a news article in Chem. & Engr. News titled “Rotund Molecules Key to High-Speed Communications”.

· Light Scattering in the Art Museum.  Karen McNamara, Worcester Polytechnic Institute has modified and extended the use of small angle light scattering so that it may be applied more easily to the solid phase, as well as to small samples.  Previously it was used for large solid samples or liquids.  Several undergraduate students have written senior theses based on applications of the technique to authentication or restoration of items from the Worcester Art Museum.  The instrumentation developed will be a resource for students studying diverse materials such as glasses and human tissue.  This work has also brought a greater appreciation of science to non-scientists.
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New Materials for Display Applications.   Zinc sulfide and strontium sulfide are the two primary phosphors in development for full-color thin-film electroluminescent (EL) flat-panel displays. Full color requires three primary colors: red, green, and blue. Manganese-doped zinc sulfide (i.e. ZnS:Mn) is the most efficient EL phosphor, but is yellow in color. By alloying ZnS with Ga, John F. Wager, Douglas Keszler and colleagues at Oregon State U. in collaboration with Planar Systems, Beaverton, OR, have been able to shift the Mn emission from yellow to saturated red. The science behind this color-shifting is that Ga doping leads to a decrease in the volume of the hexagonal ZnS unit cell, perturbing the crystal field seen by the Mn luminescent center and shifting its emission color. Copper-doped strontium sulfide (i.e. SrS:Cu) appears to be the best EL blue phosphor candidate. However, typically blue emission from SrS:Cu is not fully saturated (i.e., deep blue instead of blue-green). By appropriate co-doping, Wager et al. have been able to obtain fully-saturated blue and green emission, with efficiencies and brightness approaching the best ever reported. They have successfully employed this strategy to color-shift a variety of other phosphors including CaS, BaS, and SrSe. Another aspect of this research involves layered diffusion doping. The idea here is to take an undoped phosphor layer, thermally evaporate one or more nanometer-thick layers of co-dopants, and to then diffuse these impurities into the phosphor via rapid thermal annealing. Wager et al. have recently achieved phosphor performance approaching the best ever reported using this novel process methodology. Layered diffusion doping is now being actively explored for manufacturing of active-matrix electroluminescent miniature flat-panel displays. 
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· Bringing Research and Education Together.   DMR supports two Collaboratives to Integrate Research and Education, CIRE; one between the U. of Puerto Rico at Humacao  and the U. of Pennsylvania, the other between Florida A&M University and Carnegie Mellon University.  The collaboratives are designed to improve minority education in materials-related areas by utilizing both the human and practical resources of the MRSECs to establish joint research programs between faculty that involve students in research and sponsor summer exchange programs for both faculty and students.  A new masters’ program in materials physics, the first graduate program at UPR-Humacao, has been developed through the collaborative with Penn.
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Undergraduates and High School Students Go International.  Undergraduates pursuing research in glass/ceramics are gaining unique and valuable experience through a program developed by DMR grantees Steven Feller and Mario Affatigato at Coe College in Cedar Rapids, IA.  The program is international in scope, collaborations being conducted with scientists at Reading University (UK), Rostock University (Germany), Sojo University (Japan), and Fudan University (China). Nine papers and five talks were completed, while nine additional papers were accepted for publication. Two undergraduate students will do research in neutron scattering for one month at Reading University and the Rutherford Appleton Laboratory. In addition, five undergraduate students participated in the Eighth International Conference on the Structure of Non-Crystalline Solids (NCM8) held in August, 2000 in Aberystwyth, Wales. In another activity, students and high school teachers supported through the Center for Polymers at Engineered Interfaces at SUNY Stony Brook participated in a bilateral symposium on nanostructured materials and a joint university-industry workshop with the Korean Advanced Institute for Science and Technology held in Korea in February 2000.

( Potential Brain Cancer Treatment from Gd Incorporation within Cancer Cell Nuclei

The applications of spectromicroscopy to the biology of cells and the microchemistry of bacteria represents a crossing of frontiers between the application of engineering to new problems in science. 

Using the MEPHISTO spectromicroscope at the Synchrotron Radiation Center at the University of Wisconsin, Madison, Gelsomina De Stasio and co-workers demonstrated the advantage of  using Gadolinium neutron capture as a non-invasive experimental therapy for brain tumor. This technique is, expected to locally destroy the cancer tissue, leaving the surrounding healthy tissue (not containing Gd) unharmed. This nuclear reaction can kill tumor cells only if Gd is localized nearby DNA, i.e. in tumor cell nuclei. 

Despite the advantages of this therapy, it has been somewhat disregarded in the past, based on the assumption that Gd would not penetrate the blood brain barrier nor the cell membranes, and therefore would not reach the tumor cell nuclei. Such an assumption was proven wrong by this study, both in vitro and in vivo, of the microdistribution of Gd in brain cancer . 
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	Figure 1. Spectromicrograph (blue) of tissue (in vivo experiment) extracted from a patient injected with Gd before surgery. The gadolinium (pink), phosphorus (green) and calcium (yellow) distribution maps are superimposed to the direct image. P and Ca occur in higher and lower concentration, respectively, in nuclei, allowing nuclei in the image. Note the overlap of the Gd and P distribution maps: this proves that Gd is preferentially accumulated in tumor cell nuclei also in the real in vivo case.
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our lives. Our consciousness is based
on the network of neurons in our brain. Our
society is formed by various social, economi-
cal and political networks. The Internet,
which is profoundly changing the way we
live, is nothing but a network of information
resources. Our overall well-being depends to
a large extent on the stability and health of
many networks. Yet we live in a constantly
changing and often hostile environment. It
is therefore important to understand how
robustly these networks respond to disrup-
tions. On page 378 of this issue, Albert, Jeong
and Barabdsi' address this problem in a
simple and elegant way. They find that the
tolerance of networks to different types of
perturbation depends critically on the net-
work structure.

Given a set of nodes and links, a simple
network can be built by linking pairs of
nodes at random until we use up all the
available links”. Such a random network
belongs to the class of ‘exponential net-
works’ because each node has roughly the
same number of connections (it is statis-
tically homogeneous) and the frequency
of highly connected nodes decreases expo-
nentially. But most naturally occurring
networks have much more intricate hierar-
chicalstructures; forexample, the frequency
of highly connected nodes often decays asa
simple power law. Power laws are found in
‘many areas, from the distribution of popu-
lation sizes to the frequency of scientific
citations. Networks that follow power laws
are called ‘scale-free networks’ because they
are not tied o a specific scale. This means
they are extremely inhomogenieous: where-
as most nodes have one or two links, a few
highly connected nodes will have a large
‘number of links and so play a key role in the
behaviour ofthe network.

Albert and co-workers' wisely simplify
their study of network tolerance by focusing
on these two classes of networkstructure: the
random, exponential network and the self-
organized, scale-free network. To measure
the quantitative performance of a network,
the authors use theaverage distance between
two nodes in the network, where distance is
defined by the minimum number of links
between these two nodes. The authors also
consider two types of destructive perturba-
tion: randomly occurring error, which is due
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Complex systems, such as the Internet, are surprisingly resistant to random
errors. But a new study warns against complacency — the feature that
makes the Internet immune to accidents also makes it vulnerable to attack.
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Figure | What does the Internct look like? No map exists of the entire Intermet, but these lines show
the paths an e-mail might take across some of the largest networks. The lines branch at each network
router, or niode, alorg the way. Colours were assigned according to the geographic domain (for
example, ¢ for Sweden) where cach network router was registered. The map was created using the
skitter tool (developed by D. McRobb at CAIDAY', which sends out small packets of data from
source to many destinations through the Internet. The data collected by skitter give a snapshot of
the Internetat a particular moment. (Graph created by B. Huffaker using graph layout code provided

by B, Clieswick and H. Burch.)

to random malfunction of the nodes; and
an intentional attack, which is aimed at the
most connected nodes.

For an exponential network, Albert and
co-workers find that the accumulation of
random errors has a deteriorating effect on
the network performance. This decrease in
network performance occurs because cach
deletion of a node destroys some local
paths, which leads to an increase in the dis-
tance between the nodes involved in these
paths. The above argument scems quite
reasonable and general. But in the case of a
scale-free network, Albert and co-workers
‘make a surprising discovery: they find that
the performance of the scale-free network
isalmost unchanged by the random removal
ofnodes up toa large deletion rate.

‘The immunity of this network’s perfor-
‘mance tarandom error suggests two features
about the network structure: first, most of
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the nodes are just ‘end users; the removal
of which does not affect the paths between
other niodes; second, there are ‘degencrate
paths’ between nodes, which implies the
existence of highly connected nodes. These
two competing requirements have apparent-
Iy found the perfect balance in the scale-free
network, Further study is needed to under-
stand this network’s immunity to random
error — one can only speculate that the
reason lies deep in the scale-free nature of
the network structure.

However, the structure that makes the
scale-frec network superior to the exponen-
tial network in the case of random error
becomes its Achilles’ heel under hostile
attack. The most effective way of destroying
a network is to attack its most connected
nodes. For the scale-free network, in which
there are nodes of high connectivity, the
effect of targeted attack is much more severe
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