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Columbia University, Brookhaven and Oak
Ridge National Laboratories

National Synchrotron Light Souce-II 
(NSLS-II) =>
• XPD/PDF beamlines

Spallation Neutron Source (SNS)
• NOMAD
• POWGEN
• ARCS
• CORELLI
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Real Materials

• Crystal structure (if there is one)
• Morphology (could be nano)
• Surface reconstruction
• Surface termination/dressing (ligands etc.)
• Interfaces
• Heterogeneities, phase separation
• Point defects
• Extended defects
• Chemical short-range order
• Distortive short-range order
• . . .

Real material properties depend sensitively on crystalline
imperfections
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Real Materials

• Optical properties of quantum
dots depend on presence or
absence of surface trap states

• Photovoltaic performance
depends on charge transfer and
charge extraction

• Catalysis depends on surface
structure

• Battery electrodes depend on
access of lithium

• Broken symmetry states in the
PG phase of HTSCs

• Place two insulators together
and get superconductivity in the
interface
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Real 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
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The crystal structure problem

L. Isaenko, et al., J. Crystal
Growth, 5, 1325 - 1329
(2005)

Problem

• Here is a crystal, what is its structure?

Solution:

1 Give it to your student

2 She puts it on the x-ray machine

3 . . . Pushes the button

1 Machine tells you the structure
2 Or Machine gets

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

This is the characteristic of a solved
problem
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The crystal structure problem

Problem

• Here is a crystal, what is its structure?

Solution:

1 Give it to your student

2 She puts it on the x-ray machine

3 . . . Pushes the button

Bias Variance tradeoff
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Getting the PDF from data
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PDF intuition

• Sit on an atom and
look at your
neighborhood

• G(r) gives the
probability of finding
a neighbor at a
distance r

• PDF is experimentally
accessible

• PDF gives the local
structure
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But there is no info at high-Q?
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Dedicated x-ray PDF beamlines

• NSLS-II @ Brookhaven National
Laboratory

• XPD, PDF (28-ID-2/1)

• APS @ Argonne National Laboratory
• 11IDB, 11IDC, 6IDD

• CHESS @ Cornell University
• A2

• ESRF, Grenoble, France
• ID15, ID11, ID22

• Spring 8, Japan
• various

• DESY, Hamburg, Germany
• P07, P2.1

• Diamond, Harwell Lab, UK
• XPDF
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Dedicated neutron PDF beamlines

• SNS @ Oak Ridge National
Laboratory

• NOMAD

• CHESS @ Cornell University
• A2

• ILL, Grenoble, France
• D4

• JAERI, Japan
• various

• ISIS, Harwell Lab, UK
• GEM, POLARIS, NIMROD
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Your own PDF beamline in the lab
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PDFs from laboratory microscopes
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PDFs from laboratory microscopes
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Some History - Equations derived
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Some History - Early experiments

Debye and Menke, Z. Phys. (1930)
PDFs of mercury
Tarasov, L. P., and Warren, B. E., (1936) J. Chem.
Phys., 4, 236.
X-ray PDFs of molten sodium
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Studying (nano)crystalline materials with
PDF

• 1950’s Rosalind Franklin: Carbon black, disordered carbon
materials

• 1960’s Kaplow, Strong and Averbach: Simple metals, e.g.,
Lead. Interested in using them as models for liquid and glassy
metals

• 1990’s Takeshi Egami (and me!): Use of the newly available
pulsed neutron source IPNS for quasicrystals then high
temperature superconductors

• Mid-late 1990’s:
• Discovery of polarons in manganites
• High resolution x-ray PDFs of semiconductor alloys from

CHESS

• January 2000: National Nanotechnology initiative announced
By Pres. Clinton

• 2003: Rapid acquisition x-ray PDF method
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PDF
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• 1960’s Kaplow, Strong and Averbach: Simple metals,
e.g., Lead. Interested in using them as models for
liquid and glassy metals

• 1990’s Takeshi Egami (and me!): Use of the newly
available pulsed neutron source IPNS for quasicrystals
then high temperature superconductors
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• Discovery of polarons in manganites
• High resolution x-ray PDFs of semiconductor alloys
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• January 2000: National Nanotechnology initiative
announced By Pres. Clinton

• 2003: Rapid acquisition x-ray PDF method
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The Perfect Storm is Now
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Home Computing circa 1950
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Getting the PDF from a model

5.11Å
4.92Å

4.26Å

3.76Å

2.84Å

2.46Å

1.42Å

Pair distribu�on func�on (PDF) gives 
the probability of finding an atom at a 
distance “r” from a given atom.
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Modelling Strategies

• Small Box modeling:
• Similar to Rietveld refinement
• Small number of parameters, highly constrained fits
• Danger of model bias, difficult to find distorts.
• Exemplars: PDFgui

• Large Box modeling:
• Large number of atoms allowed to move around
• Small number of constraints, exploratory unbiased

fitting. Good at finding distorted solutions
• Danger of overfitting and degenerate solutions.

Difficult to assess uncertainties
• Exemplars: RMCprofile, DISCUS, EPSR (hybrid

method)

• George Box modeling:
• All models are wrong some; models are useful.
• George E. P. Box, William Hunter and Stuart Hunter,

Statistics for Experimenters, second edition, 2005.
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https://diffpy.org - home of Billinge-group software
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Deploying ML models in production

https://pdfitc.org
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Types of nanostructure
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Types of nanostructure
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Semiconductor Quantum Dots
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CdSe Quantum Dots
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What is the structure of their core?
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What is the structure of their core?

Structure of nanomaterials: PDF and total scattering analysis Billinge



Intro and Overview PDF in Action Cutting edge

What is the size of their core?
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Do they have a size-dependent strain?
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Zr/Sn phenyl phosphate, unconventional
MOFs
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Structure of small gold clusters
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DFT study of Au144 structure
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Structure of small gold clusters
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The MD6441 structure: 144 gold atoms
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Structure of small gold clusters
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CoO catalysts for the OER (oxygen
evolution reaction)
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Clustermining
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Case 1: close packed structures

Let’s do close-packed structures that interpolate

• Graph Convolutional Variational Autoencoder (CVAE)

• Collaboration with Kirsten Jensen, Raghav Selvan, U.
Copenhagen

• Work of students Emil Kjaer and Andy Anker

• Kjaer, Anker, et al., Digital Discovery (2023),
10.1039/D2DD00086E

Structure solution using Neural Nets
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Deepstruc: close packed nanoparticles with
a CVAE

Structure of nanomaterials: PDF and total scattering analysis Billinge



Intro and Overview PDF in Action Cutting edge

Deepstruc: close packed nanoparticles with
a CVAE
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Types of nanostructure

Structure of nanomaterials: PDF and total scattering analysis Billinge



Intro and Overview PDF in Action Cutting edge

Dynamics of Soft-Hard Materials
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Inelastic x-ray scattering, APS, Chicago
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Types of nanostructure
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Dynamics of Soft-Hard Materials
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Dynamics of Soft-Hard Materials
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Dynamics of Soft-Hard Materials
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Dynamics of Soft-Hard Materials

Structure of nanomaterials: PDF and total scattering analysis Billinge



Intro and Overview PDF in Action Cutting edge

Magnetic PDF
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Magnetic PDF of MnO
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Underneath the Bragg peaks

• Takeshi Egami

• me
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PDF to the People

• Max Terban

• Emil Bozin

• Soham Banerjee

• Ben Frandsen

• Robert Koch
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PDF to the People

• Worked examples of how to get
from an experimental PDF to a
scientific result

• Different levels of scaffolding. Start
out with more hand-holding, later
try by yourself

• All solutions are give in PDFgui
(where possible) and also
diffpy-cmi

• A great way to learn diffpy-cmi and
have starting scripts
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The data for PDF to the People

https://github.com/billingegroup/pdfttp data
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Where is PDF going?

• Time resolved measurements
• In situ
• Operando
• ufPDF

• Spatially resolved
• X-ray mapping (SNXM)
• Electron PDF mapping (SNEM)
• Computed tomography PDF (ctPDF)

• Autonomated
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In situ hydrothermal synthesis of
yttria-stabilized zirconia nanoparticles
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In situ hydrothermal synthesis of
yttria-stabilized zirconia nanoparticles
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Real materials in action: operando
measurements

Redmond, et al., Electrochem. Solid St., 15 (5), B72-B74.
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Thin film PDF (at normal incidence) tfPDF
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Spatially Resolved PDFs (Lab on a Chip)
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Scanning Nanostructure EM (SNEM)

Rakita, et al. Acta Materiala 242 (2023), 118426. 10.1016/j.actamat.2022.118426
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Computed Tomography PDF (ctPDF)

Jacques et al., Nature Communications 4, 2536. 10.1038/ncomms3536 Jensen et al.,
J. Electrochem. Soc. 162, A1310-A1314. 10.1149/2.0771507jes
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Dynamics of Soft-Hard Materials
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Germanium Telluride
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Germanium Telluride
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Germanium Telluride
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Germanium Telluride
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Germanium Telluride
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Local symmetry breaking: is it dynamic or
not?

• Take a picture with a
camera with a slow
shutter

• Moving objects will
blur out, stationary
objects won’t
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Changing the shutter speed with neutrons

• Vary the energy window
(elastic line is always
included)

• Extrapolates between
G(r, τ = ∞) and
G(r, τ = 0)

• Infinite time correlations are
blurred out ⇒ average
structure

• instantaneous correlations
show all the ugly details
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Fast shutter, Slow shutter

• Measured fast shutter
vs cubic model

• Measured slow
shutter PDF vs cubic
model
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Variable shuttering

• Crossover happens at 6
meV in the cubic phase

• No Crossover in the R phase
(unsurprisingly)
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ODL and the Metal-Insulator Transition in
CuIr2S4
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ODL and the Metal-Insulator Transition in
CuIr2S4
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ODL and the Metal-Insulator Transition in
CuIr2S4
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ODL and the Metal-Insulator Transition in
CuIr2S4
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Goal of the Experiment

• Cool sample so it is in
the dimer state

• Photo-excite with fs laser
pulse to “excite” the
system

• Does the dimer go away?

• What is the resulting
state?

• How quickly is the dimer
state destroyed?

• How does the effect
propagate through the
lattice
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Experimental Setup

Structure of nanomaterials: PDF and total scattering analysis Billinge



Intro and Overview PDF in Action Cutting edge

Data Reduction
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∆G = G(t = −20ps)− ⟨G(t < 0)⟩
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∆G = G(t = −15ps)− ⟨G(t < 0)⟩
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∆G = G(t = −10ps)− ⟨G(t < 0)⟩
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∆G = G(t = −5ps)− ⟨G(t < 0)⟩
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∆G = G(t = −3ps)− ⟨G(t < 0)⟩
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∆G = G(t = −2ps)− ⟨G(t < 0)⟩
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∆G = G(t = −1ps)− ⟨G(t < 0)⟩
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∆G = G(t = −0ps)− ⟨G(t < 0)⟩
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∆G = G(t = +1ps)− ⟨G(t < 0)⟩
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∆G = G(t = +1ps)− ⟨G(t < 0)⟩
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∆G = G(t = +2ps)− ⟨G(t < 0)⟩
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∆G = G(t = +3ps)− ⟨G(t < 0)⟩
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∆G = G(t = +4ps)− ⟨G(t < 0)⟩
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What about the Tsunami model?

• Object destroyed/excited
locally but...

• How do the effects
propagate out through
the lattice?
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r-dependent response
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r-dependent response
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CrystalNet: Electron density
reconstruction with CVAE

(x, y, z)

Ce0.43Se0.57

Input Solver Output

Position Encoder: Fourier

Chemical Encoder: MLP

Powder XRD Encoder: 
Dense Convolutional

Charge Density Regressor:
MLP with Skip Connections

Concat, Fuse, 
Reduce Dim

FiLM 
Conditioning

1024

512

512

512

512

512
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CrystalNet: Electron density
reconstruction with CVAE
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CrystalNet: Electron density
reconstruction with CVAE
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Case 3: structure solution of nanoparticles

The magic of diffusion models

• Collaboration with Hod Lipson (Columbia University)

• Work of students Gabriel Guo and Tristan Saidi

• G. Guo et al., Nature Materials, (2025)
https://doi.org/10.1038/s41563-025-02220-y

• input: nanostructure powder diffraction pattern and
composition

• output: ”structure”: unit cell, coordinates and coloring
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PXRDNet: structure solution with diffusion
model

PXRDNet

• 100 Å or 10 Å NP powder data.
Low information content!

• Based on CDVAE (T. Xie, Proc.
International Conference on
Learning Representations
(2022).

• SE(3) equivariant graph NN
autoencoder for composition,
lattice parameters and number
of atoms.

• Denoising diffusion via
noise-conditioned score networks
for the atomic coordinates
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PXRDNet: structure solution with diffusion
model
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