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CoLUMBIA UNIVERSITY, BROOKHAVEN AND OAK
RIDGE NATIONAL LLABORATORIES

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

® QOptical properties of quantum
dots depend on presence or
absence of surface trap states

P 2, 5.5 5 5.5 3
charge extraction “““‘
e Catalysis depends on surface “““‘

structure
® Battery electrodes depend on

access of lithium ‘O‘O‘O;O;o“
® 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

1zl . Ph_o'Fovoltalcs with improved
. = efficiency
b
1 = ® Nanoparticles in the light
o - .
o - collecting layer
- ® High energy density batteries
I [F == ® Electrodes
e ® Electrolytes
gammage- -
® Fuel cells for transportation
e . applications
Membrane - 25-260 pr thick
P ® Electrodes
Anod -
’ Cathe Electrolytes
PURS cotalyst Prostalyst

XRD eryetallite size -« 1-3 um
Surface area ~30

[ ]
® (Catalysts
® Hydrogen storage

® Sequestration
® Functionalized mesoporous

~ 18 jun thick ~ 10 nuthick

1onanympoes o poree materials
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THE CRYSTAL STRUCTURE PROBLEM

Problem

® Here is a crystal, what is its structure?
Solution:

® Give it to your student

® She puts it on the x-ray machine

® ... Pushes the button

@ Machine tells you the structure
® Or Machine gets
@ Throw away the crystal
@ Make it the subject of her thesis

L. Isaenko, et al., J. Crystal This is the characteristic of a solved
Growth, 5, 1325 - 1329
(2005) problem
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THE CRYSTAL STRUCTURE PROBLEM

Problem

® Here is a crystal, what is its structure?
Solution:

@ Give it to your student

® She puts it on the x-ray machine

® ... Pushes the button
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GETTING THE PDF FROM DATA
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PDF INTUITION

® Sit on an atom and

look at your < @ i :
neighborhood . y:

® ((r) gives the . Zof
probability of finding » . )
a neighbor at a )

distance r Ul ]
® PDF is experimentally > W.(VM
accessible 2 7 B
® PDF gives the local e e :;,12 mene
structure
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BUT THERE IS NO INFO AT HIGH-Q)?

CdSe nanoparticle 2nm |
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BUT THERE IS NO INFO AT HIGH-Q)?

2.4
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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 (28-1D-2/1)

e APS @ Argonne National Laboratory
e 111DB, 11IDC, 6IDD

® CHESS @ Cornell University
* A2

® ESRF, Grenoble, France
* |D15, ID11, 1D22

® Spring 8, Japan
® various

® DESY, Hamburg, Germany
e P07, P2.1

® Diamond, Harwell Lab, UK
* XPDF
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DEDICATED NEUTRON PDF BEAMLINES

® SNS @ Oak Ridge National
Laboratory
* NOMAD
e CHESS @ Cornell University
°* A2
® |LL, Grenoble, France
* D4
e JAERI, Japan
® various
e |SIS, Harwell Lab, UK

* GEM, POLARIS, NIMROD
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YoUur owN PDF BEAMLINE IN THE LAB

. Huber Gunier diffractometer
Jfci-Ho-Mg-Zn Quuay = 13.5A1

2/1—-model for fci-~Ho9MgR26Zn64
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PDFS FROM LABORATORY MICROSCOPES
&

Zeitschrift fiir Kristallographie

CRYSTALLINE =
MATERIALS &)

A

wumezz D/2012 ]

Analysis of Complex Materials
Edited by Thomas Proffen and Reinhard B. Neder

Oldenbourg

BILLINGE
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PDFS FROM LABORATORY MICROSCOPES

ePDF (film) ePDF (NP) xPDF

Au (1000) A particles

Qmax (A7) 15.25 15.25 15.25
Fit range (A) 1-20 1-20 1-20
Cell parameter A) 4.075(3) 4.076(2) 4.058(1)
Usso (A?) 0.033(4) 0.006 (3) 0.014(1)
Diameter (A) ~274 ~1000” 24.51(9)
Q-damp (A~") 0.095(5) 0.095(5) 0.047(2)
Rw (%) 17 24 20

a: film thi 5 during iti
b: NP diameter estimated directly from the TEM image

ePDFsuite software. Ask for details

6 ePDF
©
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SOME HISTORY - EQUATIONS DERIVED

» Pieter Debye, 1915:

[=22 1l

n-m qrmn

« Sin qr, S mn

* Fritz Zernike and Jon Prins,
1927:

4’ p(r) = 4m’ p, + 2;7 J' qi(q)singrdg
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SOME HISTORY - EARLY EXPERIMENTS

Debye and Menke, Z. Phys. (1930)

PDFs of mercury I\

Tarasov, L. P., and Warren, B. E., (1936) J. Chem. “

Phys., 4, 236. i\
w

X-ray PDFs of molten sodium

o) l}'

rinA
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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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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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THE PERFECT STORM 1S NOwW

Sources/detectors + computing +
nanoscience
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HoME COMPUTING CIRCA 1950

Scientists from RAND Corporation have created this model to
illustrate how a “home computer” could look in the year 2004.
However the needed technology will not be economically
feasible for the average home. Also the scientists readily admit
that the computer will require not yet invented technology to
actually work, but 50 years from now scientific progress is
expected to solve these problems. With teletype interface and
the Fortran language, the compute:r‘ will be easy to use.
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GETTING THE PDF FROM A MODEL

Pair distribution function (PDF) gives
the probability of finding an atom at a
distance “r” from a given atom.
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GETTING THE PDF FROM A MODEL

Pair distribution function (PDF) gives
the probability of finding an atom at a
distance “r” from a given atom.

- 142
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GETTING THE PDF FROM A MODEL

Pair distribution function (PDF) gives
the probability of finding an atom at a
distance “r” from a given atom.

- 246

- 142
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GETTING THE PDF FROM A MODEL

Pair distribution function (PDF) gives
the probability of finding an atom at a
distance “r” from a given atom.

- 246

- 142

»2.84
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GETTING THE PDF FROM A MODEL

Pair distribution function (PDF) gives
the probability of finding an atom at a
distance “r” from a given atom.

- 246

- 142

- 378

»2.84
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GETTING THE PDF FROM A MODEL

Pair distribution function (PDF) gives
the probability of finding an atom at a
distance “r” from a given atom.

- 246

- 142
- 4.26

- 378

»2.84
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GETTING THE PDF FROM A MODEL

Pair distribution function (PDF) gives
the probability of finding an atom at a
distance “r” from a given atom.

- 246

- 142
- 378
- 4.26
- 4.92

»2.84
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GETTING THE PDF FROM A MODEL

Pair distribution function (PDF) gives
the probability of finding an atom at a
distance “r” from a given atom.

- 246

- 142
»2.84
- 378
- 4.26
- 4.92

> 6.1
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GETTING THE PDF FROM A MODEL

Pair distribution function (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
® | arge 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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mmunity  Publications  Product

Please update your PDFgui to PDFgui v2.0, the fi  DIffPy-CMI 10,2023)

Get PDFguiv2.0 JSENIS] xPDFsuite

PDFgetX3, PDFgetN3 and PDFgetS3
B B PDFgui b)
DiffPy - Atomic Struc _,,.. ython
A fee and open sorce sofware praectto provice P - . of e somic src-
ture of materials. XINTERPDF

Python Packages
mou rigure 1

20F G data
G fit
G diff

DiffPy is the home of the DiffPy-CMI Complex Modeling framework, a modular software framework for robust and extensible
modeling of diffraction data. We welcome contributions to this project from the community.

https://diffpy.org - home of Billinge-group software
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DEPLOYING ML MODELS IN PRODUCTION

structureMining spacegroupMining similarityMapping

nmfMapping

prsreephonk
=

https://pdfitc.org
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TYPES OF NANOSTRUCTURE
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TYPES OF NANOSTRUCTURE

&
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SEMICONDUCTOR QUANTUM DoOTS

Metal
Contact

langling “~y PR . colloidal quantum dot solar cell
ond L

InGaP Core

T2 - MP EviTag - 1nGaP/0$ with Lipid
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CDSE QUANTUM DOTS

b;
® (o) " ] caseba
CdSebulk [
y L o
=] Lol
Tl Casell
g CdSeII & W MAAA—
[Pl A e @ \uu‘n\/»\y RPN N —
~ ~U | // u\ / w/\/\/\/\w ~
“ e CdSell
o CdSell N d
T |
ful
2 Cdsel | CdSel
: ©
1

o

3 6 9 12 15 18 21 24
o@®™"

* RAPDF experiments at APS, Sector 6
* Work of grad student Ahmad Masadeh
* Masadeh, S|B et al. PRB 76, 115413 (2007)

)
'
®
9

STRUCTURE OF NANOMATERIALS: PDF AND TOTAL SCATTERING ANALYSIS BILLINGE



INTRO AND OVERVIEW PDF IN AcTION CUTTING EDGE
000000000000000000000000000000000000 00008000000 00000000000000000000000 0000000000000 00000

WHAT IS THE STRUCTURE OF THEIR CORE?

4

G (872

G (&2
-24 -20 -16 =12 -8 -4 O

0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28
r (&)

r (&) .
« Wurtzite structure + Zinc blende structure
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WHAT IS THE STRUCTURE OF THEIR CORE?

=4

o Masadeh, S|B et al. PRB 76,
=
of casel 115413 (2007)

Ll

T

8 Thanks to Reinhard Neder for

3 help with stacking fault

0 4 8 12 16 20 24 28 models
r ()
CdSe-bulk CdSelll CdSell CdSel

Stacking Tault density (%) 0.0 33.0 0.0 50.0 0.0 50.0 0.0 50.0
a(A) 4.3014(4) 4.3012(4) 4.2097(9) 4.2987(9) 4.3028(9) 4.3015(9) 4.2930(9) 4.2930(8)
c(A) 7.0146(9) 70123(9) 7.0145(4) 7.0123(4) 6.9987(9) 6.9975(9) 6.9405(9) 6.9405(7)
Se Z-frac. 0.3774(3) 0.3771(3) 0.3761(9) 0.3759(9) 0.3751(6) 0.3747(6) 0.3685(9) 0.3694(9)
Cd Up = Uz (A?) 0.0108(2) 0.0102(2) 0.0146(7) 0.0149(7) 0.0149(6) 0.0112(5) 0.0237(9) 0.0213(8)

Uss (A%) 0.0113(3) 0.0112(3) 0.0262(9) 0.0241(9) 0.0274(9) 0.0271(9) 0.0261(9) 0.0281(9)
Se Un = Usz (A%) 0.0109(9) 0.0102(9) 0.0077(7) 0.0138(7) 0.0083(7) 0.0121(7) 00110(9) 0.0191(9)

Uss (A7) [0.0462(9)] 0.0115(9) [ 0.1501(9) ]0.02301(9)[ 0.1628(9) p.0265(9) [ 0.1765(9) b0311(9)
NP* diameter (nm) s 20 3.7(1) 3.7(1) 3.1(1) 3.1(1) 2.4(2) 2.2(2)
Ro 0.12 0.09 0.20 0.14 0.18 0.15 0.27 0.21
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WHAT IS THE SIZE OF THEIR CORE?

(0)
"
W A, s
o o N
") g n
! I 20 ‘22 24 26 28 30 32 34 36 3B.
ol &h . .
e ! IR R
< = [
o 9 o [;
oft
¥

-18 —15 -12

0 4 8 12 16 20 24 28 32
r (&)
TABLE [: CdSe nanoparticle diameter as determined using

3r 1 /r\3 various methods.
frd)= [1 ~5t3 (E) ] O(d—r), CaSelll_ Gdsell _ Cdsel

Nucleation time (s) 1200 630 15
Diameter (nm)
* Masadeh, S|B et al. PRB 76, 115413 (2007) TEM 3.5(2) 2.7(2) 2.0(2)
* Also see Shamoto paper, JAC 2007 gﬁ“"’ gztj; jgg; < 910
PDF 3.7(1) 31(1)  222)
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DO THEY HAVE A SIZE-DEPENDENT STRAIN?

T W T °3 T T T T T
O . 1 g & (b) 4
“ 3
LU BN I S
in 38r------ Boaq
P %Y s
'Sﬁ’. ]
¢0 B8 a - -1
’CD & 1 Mmoo I I I I !
& §5A%?:°%\‘ 15 2 25 3 85
ot o:\jngf 32% NP diameter (nm)
AN .
© Jfﬁlz‘é 7 ;o 0 C T T T T r. 7
ek —_ ol :{': :.':A;k iol (e) g °
- . X =9 "
» Xiaohao Yang, Masadeh, McBride, \jf : '-}\ .5 a o 7
Bozin, Rosenthaland S|LB, Phys. © ! i 5o
Chem. Chem. Phys. 15, 8480-8486 I ! o T ]
(20 | 3) 1 Lo g 1 1 1 1 1
24 28 A 15 2 25 3 35
r (R) NP diameter (nm)
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ZR /SN PHENYL PHOSPHATE, UNCONVENTIONAL
MOFs

¢ Work of Chenyang Shi and Rita Silbernagel
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STRUCTURE OF SMALL GOLD CLUSTERS

JIA

COMMUNICATIONS

Publahod on Wab 09022000

Thiolate-Protected Aux(SR)¢ Cluster: Prolate Aug Core with New [Aus(SR).]
Staple Motif
Yong Pei, Yi Gao, Nan Shao, and Xiao Cheng Zeng"

Department of Chemistry and Nebraska Center for Materials and Nanoscience, University of Nebraska-Lincoln,
Lincoln, Nebraska 68588

AICIS

Publishod on Wob 04/12/2008

[ ing the Crystal of A Thiol Augs J |
Cluster and Optical Properties COMMUNIC num
Manzhou Zhu,! Christine M. Aikens,* Frederick J. Hollander,® George C. Schatz," Publeed cn Web 08012010

and Rongchao Jin™

Total Structure i of Thiol: Augg
Huifeng Qian, William T. Eckenhoff,* Yan Zhu,' Tomislav Pintauer,* and Rongchao Jin**

Deparment of Chenisty, Camegie Melon Unvrss Plsourgh Pewspoana 15213 and Deparamen of
iemistry and Biochemistry, Duguesne University, Pitisburgh, Pennsylvania 15:
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DFT sTuDY OF Aul44 STRUCTURE

s*I(s)

(N R TP T L.
7 8 9 10 11 12

N
|
ok

s (1/nm)

Icosahedral core
Au/S surface structure with ligand attachment

Structure and Bonding in the Ubiquitous Icosahedral Metallic Gold Cluster Au,44(SR)s

Olga Lopez-Acevedo,’ Jaakko Akola,' Robert L. Whetten,’ Henrik Grinbeck,’ and
Hannu Hiikkinen*"
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STRUCTURE OF SMALL GOLD CLUSTERS

10 T T
(a) .
8 PDF simulated from
of DFT prediction
= 4 !
< ~~= Blue:Measured PDF
o 2 [  Red:best fit of DFT
0 model
5 1
AAAAA AW 1 T A\ V= N N Refinement:
—4k A . L - Expansion factor
Thermal
parameters for core
Thermal

parameters for surface
Correlated motion
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THE MD6441 STRUCTURE: 144 GOLD ATOMS

v

Much better fit from

‘ a Marks decahedral core

G (A-2)
N
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STRUCTURE OF SMALL GOLD CLUSTERS

NATURE COMMUNICATIONS | 7:11859 | DOI: 10.1038/ncomms11859
AKITICLE
Received 22 Aug 2015 | Accepted 6 May 2016 | Published 14 Jun 2016 DOI: 10.1038/ncomms11859 OPEN

magic-sized Au44(SR)¢o clusters

Kirsten M.@. Jensen"*, Pavol Juhas2*, Marcus A. Tofanelli3, Christine L. Heinecke3, Gavin Vaughan?,
Christopher J. Ackerson3 & Simon J.L. Billinge'?

e Data SC6

* = AuB model
2
c _ ; 1 Difference
151 = Auy44(P-MBA)go § o ﬁ lﬂ\ n“ "h A
F = Auy44(PET)g
— 1 MMM A AN AN e
z L —— Auyi(SCB)go | | ) ! L
z
5 6-e s Dat p-MBA
£
§ 7 4F e MD with staples
< t "
5] 5 Difference
z 2
| IR NU U U U S| 2 W’\/"\‘\/“N

r(A) A
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CoO CATALYSTS FOR THE OER (OXYGEN
EVOLUTION REACTION)

(@ 8

G/A2
o

0 4 8 12 16 20

riA
(b) »
O NN %

C. L. Farrow, SJB, Dan Nocera et al. J. Am. Chem. Soc. 135, 6403
(2013).
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CLUSTERMINING

e Build cluster

families and 06
variants
algorithmically 08

* Test them against
the provided data  °¢

in a “screening” °‘
approach 03
* Brute force
method finds 02
good solutions but
is slow ot 500 750 1000 1250 1500

Ne ‘\\\\.“V

Banerjee, S)LB, et al.“Cluster-mining: An approach for determining core structures of metallic
nanoparticles from atomic pair distribution function data”. In:Acta Crystallogr.A 76.1 (2020),pp.24-31.
doi: 10.1107/52053273319013214.
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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

()

Latent space

g 0
Conditioning
PDF

-
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-
o
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DEEPSTRUC: CLOSE PACKED NANOPARTICLES WITH
A CVAE

0,000
o382% @ fc @ Octahedron @ Decahedron
° lf". @ bec @ lcosahedron @ hep
AN
X}
oo
0
0%%%
000 ° s
o000 ° ° o o
LR AT R
oooe So00  $0ogasss el
PO L OIS
2000 °%
%%
XN
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TYPES OF NANOSTRUCTURE

»®

¥

= %
TRAAZL L 5.4

L
-

»

*
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DyNAMICS OF SOFT-HARD MATERIALS

local instantaneous

cubic nonequilibrium
structure

structure
* PDF + inelastic x-ray scattering
shows dynamic distortions in the
local structure
@ Beecher/Semonin, SJLB, et al., ACS
’:;‘\ Energy (2016)

2 4 6 8 20 30 40 50
r(4)
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INELASTIC X-RAY SCATTERING, APS, CHICAGO

+ XS at HERIX (30-1D) APS, e
Argonne E : fur
33 .
l%, o - v
11 I
. r R
b7
6
5 i
32 !
g1 -
=1 — T d
=2 YN R
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TYPES OF NANOSTRUCTURE
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DyNAMICS OF SOFT-HARD MATERIALS

* Cirystallography fails in nanocrystalline materials:

@)

Nanocrystalline
V,05.nH,0 xerogel

REhehexdtstniotarkifuticivg[Q[EA)H1]

(b)
l Crystalline
] V,05
<>
o]
14 V. Petkov, SIB et. al., J. Am. Chem. Soc. 121,10157
0 2 4 6 8 1012 14 16 18 20 22 (2002).

Wavevector Q( )
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DyNAMICS OF SOFT-HARD MATERIALS

(a) [ | | ietayer

Structure proposed by

* Livage et al. |. Chem Mater. 1991

*  Petkov et al. ). Appl. Crystallogr. 1998
* Oka et al. ). Mater. Chem. 1992

(c)

0o 0 olu e © o

Intra-(bi-layef)  + Inter-(bi-layer)

0 5 10 15 20
rA
V. Petkov, SIB et. al., J. Am. Chem. Soc. 121,
10157 (2002).

|
L4
|
|
|°
|
¢ LS
b Y
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CUTTING EDGE

DyNAMICS OF SOFT-HARD MATERIALS

(@

Structure proposed by

* Livage et al. |. Chem Mater. 1991

*  Petkov et al. ). Appl. Crystallogr. 1998
* Oka et al. ). Mater. Chem. 1992

Olu

)

|
[ © 9 o0
|
|

+ Inter-(bi-layer)

NI
" TTHB5AL °

20

|
L4
|
|
|°
|
¢ LS
b Y

V. Petkov, SIB et. al., J. Am. Chem. Soc. 121,
10157 (2002).
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DyNAMICS OF SOFT-HARD MATERIALS

polyhedral =

+—>
100200A V. Petkov, et. al., J. Am. Chem.
Soc. 121, 10157 (2002).

e Turbostratic disorder seen in the PDF consistent with bent
and tangled fibres
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MAacGNETIC PDF

fA?)

-2}

4 4 6
r(A) r(A)

0 2 4 6 8 10
r(A)

* Benjamin A. Frandsen, Xiaohao Yang and Simon |.L. Billinge, Acta Crystallogr. A 70, 3-
I'1{2014).
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MacNETIC PDF oF MNO

Top: Blue: measured nPDF signal
Red (top) calculated structural PDF
Btm: Blue: difference between
nPDFsignal and calculated
structural PDF
Red: calculated mPDF for AF MnO

G d(A®)

0 5 10 15 20
r(A)
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UNDERNEATH THE BRAGG PEAKS

PERGAMON MATERIALS SERIES

BRAGG PEAKS

p—— ® Takeshi Egami

® me

T. Ecami
S.J.L. BILLINGE
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PDF 1O THE PEOPLE

TUCr TEXTS ON CRYSTALLOGRAPH!

Atomic Pair
Distribution
Function Analysis:
A Primer e Max Terban
SIMON J BILLINGE AND
KIRSTEN ENSEN Y Emil Bozin

® Soham Banerjee
® Ben Frandsen
® Robert Koch
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PDF 1O THE PEOPLE

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

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

o 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

¢ O B httpsy/github.com/billingegroup/pdittp_dat

Code  © lssues 11 Pulle © Actions [ Projects [0 Wi O Securty | Insights

@ pdfttp_data

¥ main - addfie - [€>Code = About

- The data and solutions for the PDF to the
@ sbilinge people book

 chosFitzphase

B chosRefineC

- oSt

B chOBNPRefinement

Releases

W chOSRdepfitting

™ chioDisorderedNanostructurcdFiims.

Packages

Contributors 3

A® itinge

https://github.com/billingegroup/pdfttp_data
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WHERE 1S PDF GoING?

® Time resolved measurements
® |nsitu
® Operando
e 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

04 A ' Precursor (< 0 min)
Zoap wp |l pn
Goo ¢+ Christoffer Tyrsted, Nina Lock, Kirsten M. \O.
2 P E——— Jensen, Mogens Christensen, Espen D. Bgjesen,
B ‘_urv  — Hermann Emerich, Gavin Vaughan, Simon J. L.
goaf 2 || Billinge and Bo B. Iversen, IUCi/. I, 165-171
wosholy | Wi (2014)

2 4 6 0 10

* Precursor

(vyslallme(S min)

w’\.ﬁ NJ\"\/\J

G(A’)

r (Al

-51;'\1)

Time (min)
6 - N w s w o N
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IN SITU HYDROTHERMAL SYNTHESIS OF
YTTRIA-STABILIZED ZIRCONIA NANOPARTICLES

wfB e 1‘ Amorphous (1 min)
-~ 0
Zoap @
Voo
Ml

Time (min)

o0
01
oz
03

01 2 3 4 5 6 7 8 910
r(A)

G (A?)

Christoffer Tyrsted, Nina Lock, Kirsten M. \O.
Jensen, Mogens Christensen, Espen D. Bgjesen,
Hermann Emerich, Gavin Vaughan, Simon J. L.
Billinge and Bo B. Iversen, IUCi/. I, 165-171
(2014)

Precursor
A

i
S aesie_f el o
-2 Persistence Length

-t e
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IN SITU HYDROTHERMAL SYNTHESIS OF
YTTRIA-STABILIZED ZIRCONIA NANOPARTICLES

. ¢+ Christoffer Tyrsted, Nina Lock, Kirsten M. \O.

e Jensen, Mogens Christensen, Espen D. Bgjesen,
Hermann Emerich, Gavin Vaughan, Simon J. L.

= | Billinge and Bo B. Iversen, IUCJ. 1, 165-171

e °:° (2014)

* Amorphous

intermdiate
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IN SITU HYDROTHERMAL SYNTHESIS OF
YTTRIA-STABILIZED ZIRCONIA NANOPARTICLES

s

ufA s Precursor (< 0 min)
Zoal w? [l g
R ¢+ Christoffer Tyrsted, Nina Lock, Kirsten M. \O.
) Jensen, Mogens Christensen, Espen D. Bgjesen,
0B ¢ Amorphous(imin Hermann Emerich, Gavin Vaughan, Simon J. L.
ooy Billinge and Bo B. Iversen, IUCJ. 1, 165-171
o0 (2014)
: 2 4 6 0 10
10 Crystalline (8 min) . Amorphous
05 c e . ,f"l-"‘p
z" &KJ\,/\,AJL/\/VA intermdiate
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IN SITU HYDROTHERMAL SYNTHESIS OF
YTTRIA-STABILIZED ZIRCONIA NANOPARTICLES

+ Christoffer Tyrsted, Nina Lock, Kirsten M. \O.
Jensen, Mogens Christensen, Espen D. Bgjesen,
Hermann Emerich, Gavin Vaughan, Simon . L.
Billinge and Bo B. Iversen,, IUCr. 1, 165-171
(2014)

* Nanocrystalline
final product

Time (min)

Ad.
Sl 4,0(1)*107¢--

- 5 10 15 20 25 30 35
X B Cryst.Diameter (A)
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REAL MATERIALS IN ACTION: OPERANDO
MEASUREMENTS

250 T T T T
+ Potentiostat - | Fuel Cell Test Stand llhh h . 3000 Gycles, dyg =5:8 1)
Cathode,80C ~Anode,80C N

100% 3.5% 200 | Amrernmmrnen

N2 H2/He

e
100

= IncidentBeam M v 1000 cycles, dayg =4.7 nm
58 keV

SOJ\/M'

G(r), (a.u.)

1012333 el dbew|

0 cycles, d,g =3.2nm

F

Diffracted
X-rays

Redmond, et al., Electrochem. Solid St., 15 (5), B72-B74.
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REAL MATERIALS IN ACTION: OPERANDO
MEASUREMENTS

g9 . . . . ——

50% Pt/C [WPOPPRRF L i il
8+ 4

2000 cycles, d,, Ui 5.3nm

1000 cycles, d,ye =4.7 nm

1012333 el dbew|

0 cycles, d,g =3.2nm

Diffracted
X-rays

L

s L

0 500 1000 1500 2000 2500 SUUUé

cycles r (hm)

Redmond, et al., Electrochem. Solid St., 15 (5), B72-B74.
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THIN FILM PDF (AT NORMAL INCIDENCE) TFPDF

m20.am @ 12 T T T T - 3
i =
H : Film sign:
Sample holder jensen‘ £ 08 —— Diference: Fim signai{
mounted in goniometer Iversen
) Johnson,
Dooryhee LN ]
[ At oy veam SiBetal :
| IUCr] 2015 ]
(n)g .
u £ — Total signal ]
05 —— Standard PDF £ o8 — Substrate ]
° —— tfPDF 06 —— Difference: Film signal |
£ ]
= | ]
: ]
r]
< 02
< oF 3
> H
o -
sl o T T
0 5 10 15 20 an)

r(A)
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SPATIALLY RESOLVED PDFs (LAB oN A CHIP)

» Kovyakh, Banerjee, Liu, et al.,
arXiv:21 10.01656 [cond-mat]

» Evey pixel contains a complete
PDF

3

. L _m———

—— Badground
0 —— Subtragted data

—— Experimental PDF
= Calculated PDF
— Difference

S 4 .
= .

WY A A A oy A A
o -5 ey ooy v

2 4 6 8 11 14 1 8 5 i 15 2 25 30
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SCANNING NANOSTRUCTURE EM (SNEM)

( Feature (Qol) extraction and mapping

ePDFs every 3nm across Ni/BMG/Ni Zr Cu Ni Al @
@38 1.60A 1.28A 1.24A 1.43A

3.0

25
- 20
=13
1.0
03
00l

-0.5

XX and Zr--Zr)

Bond-length
distribution

)

Rakita, et al. Acta Materiala 242 (2023), 118426. 10.1016/j.actamat.2022.118426
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CompPUTED 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

nature materials a

Letter https://doi.org/10.1038/s41563-023-01483-7

Dynamiccrystallography reveals
spontaneous anisotropy in cubic GeTe

Received: 24 May 2021 Simon A. J. Kimber®'' , Jiayong Zhang?, Charles H. Liang™*,
Accepted: 19 January 2023 GianG.G 10°, Peter . X Cheng
: Douglas L. Abernathy ®?, Jessica M. Hudspath" Zhong-Zhen Luo®,
Published online: 20 February 2023 Mercouri G. Kanatzidis ®°, Tapan Chatter;i'®, Anibal J. Ramirez-Cuesta®? &

Simon J. L. Billinge ®"*?
™ Check for undates
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GERMANIUM TELLURIDE

* Rhombohedral groud state
* Minimal model’ is a Peierls distortion ._H_._._.
* One p-electron per bond => half-filled bands

| « 00 00 0O
oY Yo

—

PoTe @O

Energy
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GERMANIUM TELLURIDE
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295

Ge-Te bond length (A)
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L L L L
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GERMANIUM TELLURIDE

Ge-Te bond length (A)

! L 1 1
400 500 600 700 800 -

. 400 500 600 700 800
Temperature (°C) Temperature (K)
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GERMANIUM TELLURIDE

Ge-Te bond length (A)

I I I I
400 500 600 700 800

Temperature (°C)

400 500 600 700 800
Te I
065" Hbose <1125

r-GeTe 300 K

<111>c

|
{
!

s
c-GeTe 825 K

10 12

o H

STRUCTURE OF NANOMATERIALS: PDF AND TOTAL SCATTERING ANALYSIS BILLINGE



INTRO AND OVERVIEW PDF IN AcTION CUTTING EDGE
000000000000000000000000000000000000 00000000000 00000000000000000000000 0000000000000 0000e
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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) 20

® Extrapolates between
G(r,7 = o0) and
G(r,7=0)

® |nfinite time correlations are Lo
blurred out = average Elastic => slow shutter
structure Dynamics blur out

® instantaneous correlations
show all the ugly details o1 23

T
o

-40
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CHANGING THE SHUTTER SPEED WITH NEUTRONS

® Vary the energy window
(elastic line is always
included) 20

® Extrapolates between
G(r,7 = o0) and
G(r,7=0)

® |nfinite time correlations are L20
blurred out = average
structure

-40

® instantaneous correlations
show all the ugly details o1 2z 3
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CHANGING THE SHUTTER SPEED WITH NEUTRONS

® Vary the energy window
(elastic line is always
included) 20

® Extrapolates between
G(r,7 = o0) and
G(r,7=0)

® |nfinite time correlations are L20
blurred out = average
structure

-40

® instantaneous correlations
show all the ugly details o1 2z 3
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CHANGING THE SHUTTER SPEED WITH NEUTRONS

® Vary the energy window
(elastic line is always
included) 20

® Extrapolates between
G(r,7 = o0) and
G(r,7=0)

® |nfinite time correlations are e — — ™
blurred out = average
structure

-40

® instantaneous correlations
show all the ugly details o1 2z 3
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CHANGING THE SHUTTER SPEED WITH NEUTRONS

® Vary the energy window = = = = = = = =
(elastic line is always
included) 20
® Extrapolates between
G(r,T = o0) and 0
G(r,7=0)
® |nfinite time correlations are Integrate over all energy Lo
blurred out = average = fast SR s
structure '_Dy_namic?“ﬁﬁotzgﬁp'ﬁed" Ta0
® instantaneous correlations
show all the ugly details R A
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FAST SHUTTER, SLOW SHUTTER

Instantaneous PDF|

® Measured fast shutter

vs cubic model N\/\/\/\,\/\M
i Inelastic PCA component|

Elastic PCA PDF

® Measured slow
shutter PDF vs cubic
model
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VARIABLE SHUTTERING

Ge-Ge
Ge-Te Te-Te Ge-Te

30

550 K, E; = 300 meV.

® Crossover happens at 6
meV in the cubic phase

Max energy transfer (meV)
bhoanw
(.v) o

® No Crossover in the R phase .
(unsurprisingly) %0‘3
§O.1

. 5 10 15 2

Max eneray transfer (meV)
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ODL AND THE METAL-INSULATOR TRANSITION IN
Culr,S,

Emil Bozin
w/ JF Mitchell, ANL
M. Abeykoon, BNL

LA YN,

Data from 28-ID-2 NSLS-II
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ODL AND THE METAL-INSULATOR TRANSITION IN
CUIR,S,

High T oyrochlore sublattice LowT
(@) Fd3m

One out of
every six Ir-Ir
bonds
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ODL AND THE METAL-INSULATOR TRANSITION IN
CUIR,S,

One out of
every six Ir-Ir
bonds

r (A)
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ODL AND THE METAL-INSULATOR TRANSITION IN
CUIR,S,

R

<

O

&

(g

€T

e
g‘_\l‘

<L

Ec

R

0 2 5 75 10 125 15 175 20
interatomic distance, r (A)

dimer
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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

Cryogen Stream

Ve On Kapton tape

| A\

| 23.1 keV X-Ray Pulse

Sample
Delay Line /\
1ps 1

resolution
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DATA REDUCTION

100 100
80 _ 80 _
Q Q
> 60 & 60 &
g 408 = 408
- P @
c < <
= 205 205
< L
0 Y 0
-20 -20
0 2
100
b
2 60 3
Soll@ g
S g 2
< 20 =
-20
0 20 10 40 20 60 30 80 71
BILLINGE
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AG = G(t = —20ps) — (G(t < 0))

0.075 1
0.050 1
0.025 1
0.000 1
—0.025 1
—0.050 1
—0.075 1
2 j : 8
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AG = G(t = —15ps) — (G(t < 0))

0.075 1
0.050 1
0.025 1
0.000 1
—0.025 1
—0.050 1
—0.075 1
2 7 6 8
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AG = G(t = —10ps) — (G(t < 0))

0.075 1
0.050 1
0.025 1
0.000 1
—0.025 1
—0.050 1
—0.075 1
2 7 6 8
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AG = G(t = —5ps) — (G(t < 0))

0.075
0.050
0.025
0.000

—0.025

—0.050 f

—0.075

STRUCTURE OF NANOMATERIALS: PDF AND TOTAL SCATTERING ANALYSIS BILLINGE



INTRO AND OVERVIEW PDF IN ACTION CUTTING EDGE
000000000000000000000000000000000000 0000000000000000000000000000000000 000000000000000000

AG = G(t = —3ps) — (G(t < 0))

0.075
0.050
0.025
0.000

—0.025 f

—0.050 f

—0.075
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AG = G(t = —2ps) — (G(t < 0))

0.075
0.050
0.025
0.000

—0.025 f

—0.050 f

—0.075
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AG = G(t = —1ps) — (G(¢ < 0))

0.075
0.050 f
0.025
0.000

—0.025 f

—0.050 f

—0.075
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AG = G(t = —0ps) — (G(t < 0))

0.075

0.050 f

0.025

0.000 f

—0.025 f

—0.050 f

—0.075
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AG = G(t = +1ps) — (G(t < 0))

0.075 n n ]
0.050 1
0.025 1
0.000 1
~0.025 ]
~0.050 ]
~0.075 ]
2 N 6 8
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AG = G(t = +1ps) — (G(t < 0))

0.075 1
0.050 1
0.025 1
0.000 1
—0.025 1
—0.050 \
—0.075 1
2 7 6 8
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AG = G(t = +2ps) — (G(t < 0))

0.075 1

0.050

0.025

0.000

—0.025

—0.050

—0.075 1
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AG = G(t = +3ps) — (G(t < 0))

0.075 1

0.050

0.025

0.000

—0.025

—0.050

—0.075 1
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AG = G(t = +4ps) — (G(t < 0))

0.075

0.050

0.025

0.000

—0.025

—0.050

—0.075
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WHAT ABOUT THE TSUNAMI MODEL?

WAVES GET BIGGER AS WATER
GETS SHALLOWER

® Object destroyed/excited
locally but...
® How do the effects

propagate out through
the lattice?

‘Wave Fronts
An earthquake rocks
the ocean floor
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R-DEPENDENT RESPONSE

[ury
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D
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(sd) Aejaqg tase °
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R-DEPENDENT RESPONSE
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CRYSTALNET: ELECTRON DENSITY
RECONSTRUCTION WITH CVAE

Input Solver Output

(x,y,2)

Position Encoder: Fourier

Chemical Encoder: MLP

Ce0.435e0.57

Charge Density Regressor:
MLP with Skip Connections

Concat, Fuse,
Reduce Dim

Powder XRD Encoder:
Dense Convolutional
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CRYSTALNET: ELECTRON DENSITY
RECONSTRUCTION WITH CVAE

Ground Truth Predicted Ground Truth Predicted

®v 2e® ! /E
©° ©° v s
og '3§3 e “3ee"
- L . v

9, I 638 I Y

Ground Truth Predicted

Thed,,

Gd,(SiNi,),
l

~io ~ir

O.. O'Q

Ho,MgCo Ho,CdPd

"

Ce,Sb, Pt,

Zr,Sb,Pt,
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CRYSTALNET: ELECTRON DENSITY
RECONSTRUCTION WITH CVAE

| _ | - 2" I ot e, | .
- Wik, T (] Pt S
y v " 4 97 N
Si,P,0,, Pr(’Mn(SiS7)2 Mo ZnLo,0,
W e W w| W
L) . "
o v 2 rd :
InSnBr, | RB(V,S,), . Rb,PtC,
’ ] I
9 o ~ £ 19
” ’

NaBiF, BiTeBr LiAsO,
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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 A or 10 A NP powder data. SmMn,SiC
Low information content! o XRD patterns

® Based on CDVAE (T. Xie, Proc. 4 ) Semoothed | oot
International Conference on 0.8 ~ Noiseless (ideal material)
Learning Representations Z o7
(2022). g 06

® SE(3) equivariant graph NN = 05
autoencoder for composition, %2 g':
lattice parameters and number @ |
=il

® Denoising diffusion via 0 b b

0 1 2 3 4 5 6 7 8

noise-conditioned score networks <
Q(A™)

for the atomic coordinates
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PXRDNET: STRUCTURE SOLUTION WITH DIFFUSION
MODEL

Ground truth 100-A sample 10-A sample Ground truth 100-A sample 10-A sample

La,UTe; Cese,

BaSTMAWO,

5,YCuCly

A
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