
Simula'ng	
  X-­‐ray	
  Absorp'on	
  Spectra	
  
from	
  First	
  Principles	
  

and	
  
Developing	
  Intui've	
  Interfaces	
  to	
  
High-­‐Performance	
  Compu'ng	
  

David	
  Prendergast	
  
Theory	
  of	
  Nanostructured	
  Materials	
  Facility	
  

Molecular	
  Foundry,	
  
Lawrence	
  Berkeley	
  Na'onal	
  Laboratory	
  



X-­‐ray	
  Absorp,on	
  and	
  Core-­‐level	
  excita,ons	
  

Focus	
  on	
  Near-­‐Edge	
  Fine	
  Structure	
  



Explores	
  the	
  (projected)	
  unoccupied	
  density	
  of	
  states	
  of	
  materials	
  



What	
  can	
  one	
  learn*	
  from	
  X-­‐ray	
  spectra?	
  

*Requires	
  first-­‐principles	
  (dynamics)	
  simula'ons…	
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ultrafast	
  electron	
  dynamics	
  

electronic	
  interac'ons	
  
and	
  charge	
  transfer	
  

molecular	
  conforma'on	
  
and	
  solvent	
  interac'ons	
  

nanocrystal	
  surface	
  chemistry	
  

CdSe	
  Qdots	
  

graphene	
  

photo-­‐pumped	
  
copper	
  



Synchrotron	
  Light	
  Sources	
  worldwide	
  

Present	
  and	
  future…	
  





§   Organic and Macromolecular Synthesis 
Soft materials: organics, macromolecules, 
polymers and their assemblies  

§  Biological Nanostructures 
New bio-materials; new probes for bio-
imaging; synthetic biology techniques 

§  Inorganic Nanostructures 
Science of semiconductor, carbon and hybrid 
nanostructures 

§  Theory of Nanostructured Materials 
Studies to guide understanding of new 
principles, behavior and experiments 
 

§   Nanofabrication 
Advanced lithographic and thin-film 
processing techniques 

§  Imaging and Manipulation of 
Nanostructures 

Characterization and manipulation of 
nanostructures 

6 User facilities focused on 
interdisciplinary research 

Foundry  partners with LBNL national 
facilities: 
§  Advanced Light Source (ALS) 
§  National Energy Research Scientific 

Computing Center (NERSC) 
§  National Center for Electron Microscopy 

(NCEM) 



Joint	
  Center	
  for	
  Energy	
  Storage	
  Research	
  
(DOE	
  Innova,on	
  Hub	
  for	
  BaGeries)	
  

Goal:	
  
	
  
To	
  make	
  validated	
  connec'ons	
  between	
  
atomis'c	
  chemical	
  intui'on	
  and	
  measurements	
  
on	
  working	
  electrochemical	
  systems…	
  
	
  
…	
  using	
  combined	
  molecular	
  dynamics	
  and	
  
electronic	
  structure	
  calcula'ons	
  with	
  simulated	
  
spectroscopy	
  

Spectroscopy	
   Atomic	
  Structure	
  
Theory	
  



Revealing	
  the	
  Underlying	
  Electronic	
  Structure	
  
and	
  Working	
  Principles	
  of	
  Func'onal	
  Materials	
  

Desired	
  Material	
  Func'on	
  
•  	
  Catalyst	
  
•  	
  Ligh'ng	
  
•  	
  Radia'on	
  resistance	
  
•  	
  Selec'vity	
  Separa'ons	
  

Working	
  f-­‐electron	
  	
  
and/or	
  Cri'cal	
  Material	
  

X-­‐ray	
  Characteriza'on	
  
(NEXAFS/XES/STXM)	
  

Simulated	
  Spectra	
  
Interpreta'on	
  

Electronic	
  Proper'es	
  Improved	
  Theory	
  of	
  
Electronic	
  State	
  

Materials	
  by	
  Design	
  
New	
  material	
  with	
  
similar	
  electronic/
physical	
  proper'es	
  

PD2	
  

PD1	
  PD1	
  

LDRD:	
  David	
  Shuh,	
  Andrew	
  Canning,	
  David	
  Prendergast	
  
Das	
  Pemmaraju,	
  Shuao	
  Wang	
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Molecular	
  Dynamics	
  to	
  explore	
  configura'on	
  space	
  

High	
  Performance	
  
Compu'ng	
  

~100x	
  more	
  effort	
  

Efficient	
  electronic	
  structure	
  calcula'ons	
  

Prendergast,	
  Louie,	
  PRB	
  2009	
  
Shirley,	
  PRB	
  1996	
  

~100x	
  faster	
  

Hij(k)	
  compact	
  basis	
  representa'on	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  maintains	
  accuracy	
  in	
  meV	
  

γ-­‐brass	
  

...	
  recently	
  adapted	
  to	
  accelerate	
  self-­‐consistent	
  field	
  calcula'ons	
  
Hutchinson	
  and	
  Prendergast	
  (in	
  prepara'on)	
  

photon	
  energy	
  [eV]	
  

per	
  atom	
  



Web-­‐based	
  tools	
  
	
  

Goal:	
  To	
  enhance	
  User	
  experience	
  and	
  throughput	
  by	
  providing	
  access	
  to	
  
unique	
  computa'onal	
  tools	
  running	
  on	
  

high	
  performance	
  compu'ng	
  (HPC)	
  resources	
  
	
  

Specific	
  Tool:	
  ShirleyXAS	
  –	
  interpreta,on	
  of	
  X-­‐ray	
  absorp,on	
  spectra	
  

HPC/Cloud	
  resources	
  Unix/Terminal	
  access	
  

Vulcan	
  
@Foundry	
  



Web-­‐based	
  tools	
  
	
  

Goal:	
  To	
  enhance	
  User	
  experience	
  and	
  throughput	
  by	
  providing	
  access	
  to	
  
unique	
  computa'onal	
  tools	
  running	
  on	
  

high	
  performance	
  compu'ng	
  (HPC)	
  resources	
  
	
  

Specific	
  Tool:	
  ShirleyXAS	
  –	
  interpreta,on	
  of	
  X-­‐ray	
  absorp,on	
  spectra	
  

HPC/Cloud	
  resources	
  Cloud/Web	
  Interface	
  

Vulcan	
  
@Foundry	
  



X-­‐ray	
  Spectroscopy	
  On-­‐line	
  

Manipulate	
  graphically	
   Explore	
  complex	
  crystals	
  

Selec'vely	
  interpret	
  spectral	
  features	
  via	
  electronic	
  structure	
  

James	
  Wonsever,	
  Jack	
  Deslippe,	
  and	
  David	
  Prendergast	
  
hZps://portal.nersc.gov/project/mkheory/WebXS/	
  



Workflow	
  for	
  WebXS	
  

•  Measured	
  Data	
  (XAS,	
  …)	
  or	
  Proposed	
  Measurement	
  

•  State	
  Hypothesis:	
  structural,	
  electronic,	
  thermodynamic	
  

•  Loop	
  over	
  ensemble(snapshots,	
  atoms):	
  

–  First-­‐principles	
  simula'on	
  (GS,	
  XCH,	
  …)	
  

–  spectrum	
  of	
  snapshot	
  N,	
  atom	
  I	
  

•  Ensemble	
  average	
  

•  Hypothesis	
  test:	
  comparison	
  with	
  measurement;	
  possible	
  itera'on	
  

•  Spectral	
  features	
  	
  –	
  Analysis,	
  Interpreta'on,	
  Data-­‐mining	
  

•  Outcome	
  

–  Improved	
  understanding	
  for	
  measurement/theory	
  

–  Connec'on	
  between	
  atomic	
  structure	
  and	
  electronic	
  structure	
  

–  Design	
  of	
  future	
  (useful)	
  experiments	
  in	
  silico	
  



Challenges	
  and	
  Outlook	
  for	
  this	
  Use	
  Case	
  

Inside	
  Black	
  box:	
  
	
  Accuracy	
  of	
  electronic	
  structure	
  tools	
  –	
  new	
  methods	
  (DFT,	
  GW,	
  BSE,	
  …)	
  
	
  Efficiency	
  of	
  algorithms	
  –	
  adapta'on	
  to	
  new	
  architectures	
  (mul'-­‐GPU)	
  
	
  Open	
  source	
  development,	
  shared	
  databases	
  
	
  Improved	
  portability	
  (common	
  HDF5	
  I/O)	
  

	
  
Data	
  Analysis/Interpreta'on	
  

	
  100	
  MB	
  x	
  100	
  excited	
  atoms	
  x	
  100	
  snapshots	
  =	
  1	
  TB	
  per	
  point	
  (P,T)	
  
	
  How	
  do	
  we	
  reduce	
  without	
  need	
  to	
  regenerate?	
  
	
  Easy	
  naviga'on	
  of	
  this	
  data	
  –	
  GUI	
  

	
  
Building	
  workflows	
  

	
  Easy	
  interac'on	
  with	
  HPC	
  (w/o	
  UNIX,	
  e.g.	
  NEWT	
  API)	
  
	
  Mul'ple	
  calcula'ons	
  managed	
  on	
  HPC	
  –	
  parallel	
  scrip'ng	
  (e.g.	
  Swik)	
  
	
  Simple,	
  intui've	
  interface	
  development	
  

	
  
Tool	
  for	
  User-­‐Based	
  Science	
  at	
  Na'onal	
  Facili'es	
  

	
  enable	
  more	
  users	
  to	
  be	
  scien'fically	
  self-­‐sufficient	
  (remotely)	
  


