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 Materials science has advanced tremendously 

in itôs ability to 

       Synthesize and fabricate of new materials and 

        devices 

 

       Characterize  the behavior of materials properties 

 

       Measure and analyze the behavior of materials and devices 

  

       Create theories and perform simulations that can guide the 

       creation of new materials, define new properties or new 

       devices 

       

 

     

 

Advances in Materials 
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The  Materials Science Process 

Test 

Test and  

measurement 

Teaming to perform materials science 

Long tradition of how teams work 

But process is very different 



Advances in theory and Simulations 
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Revolutionary  Changes in Theoretical Approaches 

Materials Sciences and Engineering Division 

Office of Basic Energy Sciences 

New ways of thinking about electronic States  

     Topological Insulators  

     Robust Surface states 

 

NOTE: 80 years of band theory and we  

            did not find these surface states 

 

 

 

 

Revolutionary changes in two dimensional 

Physics 

      High Temperature Superconductors  

      Fractional Quantum Hall Effect  



ÁThe performance and lifetime of materials used in nuclear technology and in advanced 

power generation are severely limited by corrosive environments and extreme conditions.  

ÁPremature failure of materials can result from undetected stress corrosion cracking. 

ÁAnnually, corrosion costs about 3% of the U.S. gross domestic product.  

Á48-million-atom simulation on Argonne Leadership Computing Facility showed a link 

between sulfur impurities segregated at grain boundaries of nickel and embrittlement. An 

order-of-magnitude reduction in grain-boundary shear strength, combined with tensile-

strength reduction, allows the crack tip to always find an easy propagation path in this 

configuration. This mechanism explains an experimentally observed crossover from 

microscopic fracture to macroscopic cracks due to sulfur impurities. 

 

Fracture simulations for nanocrystalline nickel 

without and with amorphous sulfide grain- 

boundary phases, showing ductile, transgranular 

tearing and brittle, intergranular cleavage.  
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Stress Corrosion Cracking 
Molecular Dynamics Simulation Reveals Mechanisms of Nickel Fracture  

 



Materials Genomes 

Distribution of the new compounds across chemical classes. This plot indicates 

the number of new compound discovered for any A-B-O system with A along the x 

axis and B along the y axis. The elements are ordered according to their Mendeleev 

number.  

G. Hautier, C.C. Fischer, A. Jain, et al., Finding Nature's Missing Ternary Oxide Compounds Using Machine 

Learning and Density Functional Theory, Chemistry of Materials, 22 (12), 3762-3767 (2010). 

 

http://apps.isiknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=2FpEMN8HkI43GOg669L&page=1&doc=9
http://apps.isiknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=2FpEMN8HkI43GOg669L&page=1&doc=9


Possible Cathode Materials From Simulations 
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Geo!roy Hautier, Anubhav Jain, Shyue Ping Ong, Byoungwoo Kang,  

Charles Moore, Robert Doe, and Gerbrand Ceder  Chemistry of Materials 



Exascale Co-design Center for Materials 

in Extreme Environments (ExMatEx) 

Center Director: Tim Germann (LANL); Deputy Director: Jim Belak (LLNL) 



Exascale Computing Initiative Timeline 

Experimental 

Facility  

System and node 

architecture design 

starts  

Exascale  

Programming  

Environment ï v0.8 

Exascale  

Programming  

Environment ï v0.9 

Software Technology ς OS, runtime, programming environment & resiliency 

First 

Cabinet  

  

System Build  

Contract Starts  

  

06/ 

2011 

12/ 

2011 

06/ 
2012 

12/ 
2012 

06/ 

2013 

12/ 

2013 

06/ 

2014 

12/ 

2014 

06/ 
2015 

12/ 

2015 

06/ 

2016 

12/ 

2016 

06/ 

2017 

12/ 

2017 

06/ 

2018 

12/ 

2018 

06/ 

2019 

12/ 

2019 

06/ 

2020 

12/ 

2020 

Path Forward Phase &  
System Design Phase  

System Build Phase 

RFP issued  

  

Exascale  

Programing  

Environment ï concept design  

Exascale 

Programming 

Environment ï v0.1  

Exascale 

Applications Start  

First 

node  

Accept  

Exascale  

System  

ASCR 

Acquisitions: 
10 PFlops 

System 

100 PFlops 

System 

1 EFlops 

System 



Characterization and Testing 
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 4 Synchrotron Radiation Light Sources  
  Linac Coherent Light Source 
 3 Neutron Sources  
 3 Electron Beam Microcharacterization  Centers  
 5 Nanoscale Science Research Centers  
 
 

Advanced Light 

Source 

Stanford Synchrotron 

Radiation Lab 

National 

Synchrotron 

Light Source 

Advanced Photon 

Source 

National Center for 

Electron Microscopy 

Shared Research Equipment 

Program 

Electron Microscopy Center 

for Materials Research 

High-Flux Isotope 

Reactor 

Los Alamos Neutron 

Science Center 

Center for Nanophase 

Materials Sciences 

Spallation Neutron 

Source 
Linac Coherent Light 

Source 

Center for Integrated 

Nanotechnologies 

Molecular 

Foundry  

Center for Nanoscale 

Materials 

BES Scientific User Facilities:  Resources for Research 

Center for Functional 

Nanomaterials 

National 

Synchrotron Light 

Source-II 

Over 10,000 
users per year 
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Femtosecond X-ray Protein Nanocrystallography 

Chapman, H. N., et al. Nature, Feb 3rd, 2011. 

Nanocrystals flow in their buffer solution in a gas-focused, 4-mm-diameter jet at a velocity of 

10m/sec perpendicular to the pulsed X-ray FEL beam that is focused on the jet. 



LCLS Early Science Success Draws Rapid User Growth  
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Oct. 2009      May 2010      Oct. 2010     May 2011 

Á427 proposals submitted to date 

Á1,297 unique scientists from 28 countries listed as 

collaborators on proposals Sept. 2008 - Jan. 2011 

Á~15 collaborators on average (largest collaboration team is 60) 

 

 



Á LCLS-II will enable BES to meet the scientific grand challenges by offering 

capabilities that currently do not exist: 

ÁExtended spectral range and control of x-ray polarization for the study of 

charge and spin order 

Á Increased control of pulse intensity and length down to at least 1 

femtosecond 

ÁTemporally coherent beams with reduced band width and increased peak 

brightness 

ÁSimultaneous operation of experimental stations to accommodate the fast 

growing number of users 
 

Á Strategically, LCLS-II will present a cost-effective and timely plan for U.S. to 

remain at the international forefront, surpassing the FLASH-II upgrade of the 

Hamburg FEL, and favorably competing with X-FELs in Europe and Japan 

 
 

  
 

 
 

Linac Coherent Light Source Expansion (LCLS-II) 
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Progress in Angle resolved 

Photoemission 
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Experiment Theory 

Brookhaven National Lab; Phys. Rev. Lett.  107, 047003 (2011) 

ARPES on underdoped High-Tc Supercondutor 

Bi2Sr2CaCu2O8+ŭ (Bi2212) 

ÅThe particle-hole asymmetry 
observed in the ARPES spectra in 
the pseudogap regime is consistent 
with the presence of Fermi hole 
pockets that have a doping 
dependent area. 

 
ÅTheoretical models appear to 

provide a good description.   
 

ÅIn the pseudogap phase real space 
singlet pairing is occurring, localized 
along the copper-oxygen bonds and 
not in the nodal region.   

 
ÅIn the superconducting state the 

Cooper pairs originate in the nodal 
region on the pockets. 

Fermi Surface Pockets 



(a) (b) (c) 

(d) 

Reference: Y. L. Chen, J. G. Analytis, J. H. Chu, Z. K. Liu, S. K. Mo, X. L. Qi, H. J.  Zhang, D.H. Lu , X. Dai, Z. Fang , S. C. Zhang, I. R. Fisher, Z. Hussain and 

Z. X. Shen 

Science. 325, 178 (2009)     http://www.sciencemag.org/content/325/5937/178.abstract 

Angle Resolved Photoemission of Surface states  

on  a topological insulator 



ARPES Developments 

ARPES is capable of measuring the electronic structure of materials but is 
often limited by access to appropriate regions of carefully controlled samples 
(typically large crystals that can be cleaved in vacuum before measurement).  

 

Technological developments are underway that promise to enhance the 
capabilities of ARPES: 

 

Å Nano-ARPES allows for measurements on small crystals of materials that 
are difficult to synthesize in larger formats or on nanostructures.  

Å High energy ARPES allows for measurements into the bulk of the material, 
making it less surface sensitive, and at buried interfaces. 

Å Time-resolved ARPES explores material properties far from equilibrium, 
dynamical processes, and the time evolution of meta-stable phases. 

Å In-Situ ARPES, coupled with synthesis and scanning probe techniques, 
adds levels of sample control and contrasting, complementary analysis. 



Through  

X ray imaging 

Testing 
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Seeing Surface Atoms in Motion with X-ray Speckles: A 

new surface-sensitive X-ray speckle technique uncovered a 

dynamic surface phase transition. Researchers at Argonne 

National Laboratory have demonstrated that an X-ray speckle 

pattern can be measured from a single atomic monolayer. 

Because each speckle pattern is uniquely related to the 

atomic arrangement, changes in these patterns show the 

motions of surface atoms with monolayer sensitivity and 

unprecedented clarity in real time. Using the technique, the 

group found that the surface atoms are highly mobile, and that 

their equilibrium dynamics displays unexpectedly rich behavior 

even when their ensemble average structure is static. 

structure.  

Reference: Pierce, M., Chang, K.-C., Hennessy, D., 

Komanicky, V., Sprung, M., Sandy, A., You, H., ñSurface X-Ray 

Speckles: Coherent Surface Diffraction from Au(001),ò Phys. 

Rev. Lett. 103, 165501 (2009)  

  
T* 



 
 

Energy Storage Research 
Ultimate Li/air battery requires new tools to expose redox chemistry inside cells 

Method:  APS-Upgrade will increase inelastic scattering signals by three orders 
of magnitude permitting the study of chemistry in localized regions for real 
electrochemical cells.  Many important aspects of batteries cannot be studied 
in model systems; e.g., failure due to thermal runaway can only be reproduced 
and understood in fully encased cells where gas and heat are contained. High-
energy x-ray methods allow study on actual cells. 

 

 

 

 
 

To safely extend the 
capacity and 
lifetime of Li-ion 
batteries we must 
examine redox 
chemistry at 
interfaces in 
realistic batteries 
using x-ray Raman. 
Obtaining spectra 
such as these from 
nanoscale 
interfaces will only 
become possible 
with APS-Upgrade. 

E X A M P L E 

To image inside realistic batteries requires 
better phase contrast at  x-ray energies above 
30 keV. 



Nanometer resolution above 20 keV 
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100nm 

Simulation of a 120-nm resolution, 30-keV 
x-ray image obtainable at the APS today 
inside reactive environment, shows 
neither individual particles nor their 
morphology. 
 
 
Simulation of a 5-nm resolution, 30-keV x-
ray image from APS-U showing individual 
particles and differences in nanostructures 
key to activity. 

Agglomerated, low surface  
area inactive 

Dispersed particles active 

No experiment today can image individual nanoparticles inside the realistic conditions of a chemical 
reactor. APS-U experiments will be key to fundamental understanding and will guide processing 
improvements  in energy efficiency and minimized effluent. A resolution of 0.5 nm gives precious  
details of internal particle structure in operando. 

Resolution better than 5 nm is needed to understand active sites in  operating catalysts  

the goal for APS-Upgrade is 0.5 nm 



Synthesis and Fabrication 
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Manufacturing/ 
Commercialization 

Basic Science Applied R&D 

Low Cost Solar Cells: From Fundamental  

Synthesis Research to Commercialization 

Basic research focused 

on  materials-centric 

aspects of a micro-

transfer printing 

process for single 

crystalline silicon and 

other semiconductors, 

dielectrics and metals 
GaAs wafer 

AlAs release 

layers 

GaAs epi-stacks for 

solar microcells 

etch in HF 

release; transfer print 

regrow 

EERE Solar America 

Initiative:  Established 

new materials strategies 

& manufacturing 

methods for low-cost, 

high performance 

photovoltaic modules 

Micro-Contact Printed 

Solar Cells 

Industrial collaborations 

John Rogers, Ralph 

Nuzzo (co-founders) 


