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Summary

• We desire non-destructive tools that can characterize material 
structure/property relationships on multiple length-scales down to 
the nano and atomic scales.

• In situ/in operando studies of functioning materials
– Structure
– Microstructure
– Defects

• Structures in equilibrium, but also “close to equilibrium”, i.e., time 
resolved studies under “load”.
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The Complexity frontier

Complex materials will lie at the heart of the solutions to many of 
society’s most pressing problems

• Sustainable Energy
• Environmental remediation
• Health
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Complex materials

• Photovoltaics with improved 
efficiency
– Nanoparticles in the light collecting layer

• High energy density batteries
– Electrodes
– Electrolytes

• Fuel cells for transportation 
applications
– Electrodes
– Electrolytes
– Catalysts
– Hydrogen storage

• Sequestration
– Functionalized mesoporous materials

Image credits: 10.1126/science.1185509
U. Uppsala
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Recurring themes in Complex Materials:

They have
• Structure at the nanoscale

– E.g., just about everything

• Complicated structures, large unit cells, multiple elements
– E.g., thermoelectrics, next generation battery materials, etc..

• Sub-micron heterogeneities
– E.g., core-shell nanoparticles, supported catalysts, real devices

Enormous experimental and theoretical challenges in Complex 
Materials



HTTP://bgsite.apam.columbia.edu/bgsite

Properties depend sensitively on structure

• Semiconductor -> metal depending on 
chirality of nanotube

• Metal -> insulator for Mn-O bond-length 
change of ~0.05Ǻ in manganites (JT 
effect)

• CDW induced loss in conductivity with 
bond-length change ~0.02Å in CeTe3

• …
Need to know structural parameters 

Accurately, quantitatively
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Complex Nanostructured materials

• Image credits: Igor Levin/Tom Pinnavaia/Sandra Rosenthal

• Old English-language saying: a picture is worth 1000 words
• But: a table is worth 1000 pictures

Nanoporous (mesoporous) 
materials

NanoparticlesNanostructured 
bulk crystals
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Do nanoparticles have a unique structure?

1. Make a periodic, orientationally ordered, array of the 
nanoparticles and solve it using crystallographic methods
• Suitable for identical small NPs that will crystallize!

• Work of Kornberg group at Stanford, 
Science 2007

• 102 atom gold cluster passivated by 
organic  molecules
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Quiz

Question:

• What do electron microscopists do when they want an atomic 
resolution, 3D image of an object?

Answer:

• Crystallography
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Nano

• We want to engineer materials at the nanoscale

• But we can’t even solve the atomic structure at the nanoscale:

The nanostructure problem



HTTP://bgsite.apam.columbia.edu/bgsite

The Crystal Structure Problem

• Problem:
– Here is a crystal, what is its structure?

• Solution:
1. Give it to your grad student
2. She puts it on the x-ray machine
3. …Pushes the button

1. Machine tells you the structure
2. Or Machine gets stuck

1. Throw away the crystal
2. Make it the subject of her thesis 

Crystallography is largely a solved problem
From LiGaTe2: A New Highly Nonlinear 
Chalcopyrite Optical Crystal for the Mid-IR
L. Isaenko, et al., J. Crystal Growth, 5, 1325 
– 1329 (2005) 
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The Nanostructure Problem

• Problem:
– Here is a nanoparticle, what is its 

structure?

• Solution:
1. Give it to your grad student
2. She puts it on the x-ray machine
3. …Pushes the button
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Single Crystal Nanocrystallography

Solve the structure of a single nanoparticles by atomic 
resolution lenseless (diffraction) imaging.
• Electrons have been used for simple structures

• Atomic resolution image obtained from 
electron diffraction by iterative phase retrieval 
and compared to calculated structures

• Zuo et al, Science 2003

Restore measured 
amplitudes, keep phases

Real-
space 
image

Impose physical 
constraints

Reciprocal 
space 
image
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Complex materials

• Photovoltaics with improved 
efficiency
– Nanoparticles in the light collecting layer

• High energy density batteries
– Electrodes
– Electrolytes

• Fuel cells for transportation 
applications
– Electrodes
– Electrolytes
– Catalysts
– Hydrogen storage

• Sequestration
– Functionalized mesoporous materials

Image credits: 10.1126/science.1185509
U. Uppsala
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Powder Nanocrystallography

• Good signal, but loss of 
information due to orientational
averaging. Can we recover?
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Why is diffuse scattering important?

Cross section of 50 x 50 x 50 unit cell model crystal with 70% black atoms and 30% yellow,
Simulation using DISCUS courtesy of Thomas Proffen
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Bragg peaks are blind to the nanoscale order

Bragg scattering: Information about the periodic 
component structure, e.g. average positions, 
displacement parameters and occupancies.
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Diffuse scattering: Underneath the Bragg-peaks
Total Scattering: Bragg + diffuse
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Obtaining the PDF

Raw data

Structure function
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Is there enough information for an ab-initio structure solution?

Example: C60
• 60 atoms => n(n-1)/2 = 1770 pair-vectors
• We know the lengths (not the directions) of ~18 unique distances
• We have an imperfect measure of the multiplicities of those 

distances
• We don’t have any symmetry information to help us

Is the problem well 
conditioned or ill 
conditioned?

Is there a unique 
solution?
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ab-initio structure solution directly from PDF data
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Frontiers in complex materials structure solution

As materials get more complex 
• the information needed to constrain a unique solution goes up

– Larger “unit cells”
– More structural degrees of freedom

• The information content in the data goes down
– Peaks broaden and overlap or become pure diffuse scattering
– Information becomes polluted by larger backgrounds from host materials or 

supports (often the interesting signal is the minority component)
Complex Modeling

– S. J. L. Billinge and I. Levin, The problem with determining atomic 
structure at the nanoscale, Science 316, 561-565 (2007).

– Simon J. L. Billinge, The nanostructure problem, Physics 3, 25 (2010). 
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Complex Modeling

• c = a + ib – complex 
number mixes real and 
imaginary parts

• m = e + it – complex 
modeling mixes 
experiment and theory 
in a coherent 
computational 
framework

• Billinge and Levin, Science 
2007
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 Complex Modeling - SrFit
● Interfaces with existing software

– DANSE diffraction for PDF
– DANSE SANS for SAS

● Developed by Chris Farrow and 
Pavol Juhas

● Python framework for Complex Modeling
–Build a cost function from available forward 
calculators and data
● Each “page” a separate cost function
● Pages tied together with common 

variables and a unified cost function
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In-Situ Reduction and Oxidation
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Study of nano-ceria demonstrated by Pete 
Chupas, Clare Grey and Jon Hanson
Chupas et al. JACS (2004)
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Reduced vs. Oxidized Structure
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•It is possible to see oxygen move 
in and out of the structure
•Are there cooperative effects 
between the defect site and 
tetrahedral O site?
•Chupas et al JACS 2004
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•CeO11.653O20.256
•CeO1.909

•CeO11.437O20.201
•CeO1.638 Reduced

Oxidized
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What can’t we do currently with powder 
PDF methods?

• Thin films and special geometries
• Very small sample volumes
• Buried interfaces, embedded particles/membranes
• Powders that are not powders: going beyond the 

powder average
– Need to do a much better job of exploiting speckle, 

e.g., angular correlation analysis
– Higher than second order correlation functions

• Special environments/high throughput for parametric 
studies

• Non destructive tickle and probe, i.e., close to 
equilibrium studies
– But: beam damage will be a big issue

Wochner et al. PNAS 106 No 28, 11511-11514 (2009):
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Gavin Vaughn, ESRF
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