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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

e 2, 55 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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REAL MATERIALS IN ACTION: OPERANDO
MEASUREMENTS

250

. ; , .
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vaw-mr
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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GETTING THE PDF FROM DATA

1Q r Normalize by
S(Q)-1=2r =17 scattering cross
n f section
FlQ)=Q[s(Q)-1] Transform to
physical units

Fourier

3
Glr)=% I F(Q)sin(Qr)dQ o rtom

EyvpmamB DAap Avpiysis IS ML) ALCoz
EVEL:)PL\,‘W
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GETTING THE PDF FROM DATA

Q =4musin (O)/4

‘ Structure functlon

! mewww

)m N Lsinf ol
t

Qls@-1] (&

o 5 10 15 25 ao
Q(A)

G(r)= LQ[S(Q) 1lsinQrdQ

@
- l..:hu‘;x.l‘ Ll ﬂ

2
AR

oYy

Counts

RECENT AND FUTURE DEVELOPMENTS IN PDF-LAND BILLINGE



INTRO AND OVERVIEW ULTRAFAST PDF REAL MATERIALS AND DATA
00000000000080000000000000000000000000000000 OOO00000000000000000000 OOO000000000000000000:!

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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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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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,' Publehed on Wob 06012010

and Rongchao Jin™

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

Deparment of Chenisty, Camegle Melon Unverssy Plsourgh Pewspoana 15213 and Deparmmen of
iemistry and Biochemistry, Duquesne 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
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PDF oN MOF's

Distortions to the metal cluster
nodes in a catalytic MOF

® Till Schertenleib

® collaboration with Wendy
Queen and Mehrdad Asgari

® In Chem 11 (2025),
® doi:

10.1016/j.chempr.2025.102619
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PDF oN MOF's
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BROKEN LOCAL SYMMETRY DOMAINS IN MAPI

local instantaneous
structure

cubic nonequilibrium
structure

* PDF + inelastic x-ray scattering
4 shows dynamic distortions in the
local structure

—~ 2} Tafmem j H/mem | @ Beecher/Semonin, SJLB, et al,, ACS
‘1'*5 0 ~A/\j"\« ww—»lw- 0 = Energy (2016)
5 o |

=2 PAN WA e A

Tdem Tdem
—4r Ro=d.45% B Ro=10.1%
-4
6L
x3 x3|

_g My { 6
2 4 6 8 20 30 40 50
7 (4)
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How CAN WE SEE LOCAL BROKEN SYMMETRIES?

e (&Y

—2.5

s

o
—01-5

Intra-domain structure  Interdomain structure
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How CAN WE SEE LOCAL BROKEN SYMMETIRES?

g
(<]
ry<< §
. oL }
1 2
1 <>
le—0s

Intra-domain structure  Interdomain structure
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How CAN WE SEE LOCAL BROKEN SYMMETIRES?

¢ (R?

’/'2"'

e &R

Diff.

=T
[ ) .

|

Intra-domain structure  Interdomain structure
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THIN FILM PDF (AT NORMAL INCIDENCE) TFPDF

m20.am @ 12 T T T T - 3
] tve i
H
Sample holder jensen‘ £ 08 —— Diference: Fim signai{
mounted in goniometer Iversen
) Johnson,
Dooryhee LN ]
| Xraybeam  SILB etal. 5
i UCr 2015 ]
m% .
u £ — Total signal ]
05 —— Standard PDF £ o8 — Substrate ]
° —— tfPDF 06 —— Difference: Film signal |
£ ]
= | ]
: ]
r
g OfF 0z
<0 3
> H
o -
-0.5 Lt O
0 5 10 15 20 anh

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
-5 ey ooy v

2 4 6 8 11 14 1 8 5 i 15 2 25 30

1
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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
- 2.0
=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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UNDERSTANDING THE LCST IN AMINE WATER
MIXTURES

The magic of diffusion models
¢ Collaboration with Ngai Yin Yip (Columbia University)
e Work of students lan Billinge, Songsheng Tao

e |. Billinge et al. , Matter (2024) doi:
10.1016/j.matt.2024.09.023
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STRUCTURED LIQUIDS: AMINE - WATER MIXTURES

PDF of amine

-0.5} .
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STRUCTURED LIQUIDS: AMINE - WATER MIXTURES

sf o oo
1.0F

<Lo5F
O

00F

-0.5} _ -
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STRUCTURED LIQUIDS: AMINE - WATER MIXTURES

) lExE>, vsl/ate'r—' -
Exp, DIPA—
Exp, xa = 0.62=—
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STRATEGY - FIND THE AMINE-WATER

CORRELATIONS

PDFs and the ddG

Pair distribution
function, G (A?)

RECENT AND FUTURE DEVELOPMENTS IN PDF-LAND

How to get the way that Amine and
Woater molecules coordinate each other?

® Guw(r) - water - water correlations

® (4a(r) - amine - amine correlations
® Gauw(r) - amine - water correlations
* Gmiwturev Gwater: Gamine -

measured PDFs

ddG = Gmizture — OZGwater - /BGamine
Gaw ~ ddG

BILLINGE
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RESULTS
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[ 0 1 1 1 1 1 1 o | B i
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§ - o 0.00
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RESULTS

808 Biphasic liquid region
In the mixture: P ?‘ g
® Amine hydrogen 5
. 520 x
bonds with water -t Vonophasc rogion] 2
00.0 0.2 04 06 08 10 1 | . 16 DIPA, MWE‘E'
[ ] Water hydrogen B Mole fraction DIPA, xa 30 ”‘[ WA N v
1.5 Exp, water—o &
bonds with water e jwbg—
= 2 DIPA, 4 water
o Results in f . 4 i
esults in formation

of stable inverse
micelle objects

Geo

Cro—  N-O—
G-0—  0-0—
N-N— Exp ddG

® They do not change

size but change g% SN

quantity o aspJw————
T e o s e 00 3 6 9 iz 15 18
r&) r(A)
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ODL AND THE METAL-INSULATOR TRANSITION IN
Culr,S,

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

LM YN,

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

High T pyrochlore sublattice | . 1
(a) Fd3m/‘\ (c) Pi
xj/\f‘.,a
A
>
(d) 4 f) 4
. 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

7 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 _
DJ DJ
> 60 & 60 &
g 408 = 408
£ g = 2
= 205 205
& &
0 0 0
-20 -20
0 2
100
B
) (]
2 60 =
ol g
S g 2
< 20 =
-20
0 20 10 40 20 60 30 80 1w
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 4 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 4 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
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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 f
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))

0.075f

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

0.075 i

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 i

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
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R-DEPENDENT RESPONSE
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REAL MATERIALS DATA ANALYSIS CHALLENGES

Data Challenges for real materials: needle in a haystack
® Broad signals, in the noise
® Qverlapping signals
® \Weak signals

Al/ML is helping
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NO WELL DEFINED FORWARD MODEL

The information is in the data but we don’t know how to get it out
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GIVEN A PDF, WHAT WAS THE SPACE-GROUP OF
THE MATERIAL?Y

PDF, tell me your space-group

® SG info from Bragg peak systematic absences, but in the
PDF?

But the information is there (PDF is just a FT of diffraction)

We don’t know the solution to the forward problem!

Let's try ML. It is a classification problem

We will try a convolutional neural net
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GIVEN A PDF, WHAT WAS THE SPACE-GROUP OF
THE MATERIAL?

Feature maps

Feature maps
64@209x1

256@209x1 1D convolution
= — U
— * [— —
] Batch ization — ——
— .
h, 1D convolution . o
i a2t kemel : [ E— S—
h —
[ — —
Batch normalization 1D max-pooling
2x1 kernel
+
Dropout
Output: [=]
Space group Fully Fuly B, Flatt  ——
connected DD latten \|

connected
a

R-3 g
; , By quﬂgggu —

Cmcm

Pnma Outputs Hidden units Hidden units Feature maps
45 6656 64@104x1

R-3m

collaboration with group of Qiang Du (Columbia U)
Chia-Hao Liu, SJLB et al. , Acta Cryst. (2019), 10.1107/S2053273319005606
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How WELL DID IT PERFORM?

Iy
=3

o
o
°

§0.6 L : °
2 o T 0
904 o Y . . o .
2 ® ° ® Top six classification ratio
(] e ., p
® _ . .
L S ® (top) Logistic Regression baseline
00 ™Y (a)
10 . ° ® (bottom) CNN 91% overall
Ml @ 4 e Color indicates crystal system
® ® . T .
R ONEE ® Size of spot indicates sample-size
Foal O
0.2F » o .
(b)

o
o

0 50 100 150 200
Space group order
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WE LEARNED CRYSTALLOGRAPHY FROM THE MODEL

Matrix of confusion

® tear drops on space-groups
C2/1, Pnma

. o ® connected by
g group-sub-group
e = relationships
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IN SITU/OPERANDO DATA DURING BATTERY
ELECTRODE DISCHARGE

| @ PDFs varying with time

. Ewms ® how do we follow chemical
ww: changes?

N wm: ® can do multi-phase Rietveld

) :W:M: refinement, but what if we don't
:wi%: know the phases?

%y :ﬁlw ® multivariate analysis: PCA,

M NMF

" !’nw‘; A e ] 'c\;l)Efidered as “unsupervised
AU

i

3=
LSEE
*__(

$53
o -
vl

==
5

C.H. Liu, SJLB et.al, J. Appl. Crystallogr.
(2021), 10.1107/S160057672100265X

Z. Thatcher, Acta Cryst. A (2022),
S —— 10.1107/52053273322002522
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IN SITU/OPERANDO DATA DURING BATTERY
ELECTRODE DISCHARGE

~

7

1
~-

PDFs varying with time

0.5

G
-~
é
T—
S e
o N

® simulation

:
o }J,WM/M AR ® PDFs of the components
dloeeeent 0 are shown
® Fractions of each phase
are shown

® This is the ground-truth
(the known solution)

0 5 10 15 20 0 10 20 30 40 50
r(A) Discharge time (a.u.)
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IN SITU/OPERANDO DATA DURING BATTERY
ELECTRODE DISCHARGE

3 (© "'.IJF\_ Ve PDFs varying with time

B i "\ .'f ® simulation

2 " 1

© i os ® PDFs of the components
6 v'.-, f"' \ are shown
“'W‘"“ AR ® Fractions of each phase
AT x o
10 are shown

® Top is the ground-truth
(the known solution)

= ® Bottom is what was
returned by NMF
oo The algorithm had no
5 10 15 20 0 10 20 30 40 50 . . .
for) Discharge time (a.u.) chemical information!
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DOES IT WORK ON REAL EXPERIMENTAL DATA?

QAT
2.0 22

.~ L. . z
1::9 Cu2Se L ‘gog
5 oy
ug—Pﬂ' l l 1 N &

o LMarcasite Jl.nlhllll -l /\ N

1 100 200 300
Q (A ) Temperature (“C)

Collaboration with the groups of Jamie Neilson, Karena Chapman and Qiang Du
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MULTI-MODAL ANALYSIS

The information is in there, but we don’'t know how to get it out
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HoOw CAN WE COMBINE HETEROGENEOUS DATA
INPUTS?

A strategy for doing

Input 1: XANES multi-modal analysis?
Atom's N X-ray Absorption . .
4 Near-Edge Spectra (XANES) e Collaboration with

energy levels 4 & & =

Input 2: PDF

. Pair Distribution Function Narongv Zoe Zachko
. (PDF) Distances between atoms
. ® T. Na Narong et al. :
npj-Computational

Materials (2025)
®ece 0 rA)

10.1038/s41524-025-
01589-3
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Electronic structure
> ® | ead researchers
Tanaporn (Tina) Na

Absorption

Energy (eV)
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STRATEGY:

/ Model input: spectra \ Prediction targets:v .
metal’s local atomic environments

X-ray Absorption
Near-Edge Spectra (XANES)

Coordination Number
Random Forest - (No. of nearest neighbors)

Energy (eV) Models 4/5/6

Absorption

Pair Distribution Function

(PDF)
L How many nearest neighbors does the metal atom have?
1
() 10
Structures: Transition metal oxides \ >
from Materials Project database )

_ 00000 =2 )
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How DO DIFFERENT INFORMATION SOURCES

PERFORM?
Test F1 scores
(Coordination Number)
1.0 095 096 0.97

093

CN : 090 091

o8 .
o XANES alone f e
e PDF alone §
e XANES + PDF o4 niy.
® baselines 202 '
o il Y

0.0 "

Ti Mn Fe Cu

| XANES WA XANES+PDF
&% POF —— naive classifier
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WHERE IS THE INFORMATION IN THE SPECTRA?

Fe feature importance

: ; 2.0
0.06 : 0.06 10
8 XANES i 15 8
—_— C o
é 0.04 1'0% § 0.04 oL
S o
8 0.02 05 £002
£ £
- " : g - EAE -10
: : 0.0 F HI :
000 7420 7130 7140 7150 7160 7170 000,60 “ %5 50 75 100
Energy (eV) r (A)
000 ~ XANES+PDF importance
8 XANES 1 PDOF
£ 004
©
8 002
E
000 ¢ : 00 200
Feature index
BILLINGE
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WHERE IS THE INFORMATION IN THE SPECTRA - T17

Test F1 scores
(Coordination Number) .
1.0 55 06 o3 7 Results can look very different for a
] o different metal

091 »
% oo "

Ti feature importance

0.8 20
o 0.06 X
S -
3 gom fm) g - &
o & 3 g T
= 0.6 8002 go °
& £ E
g - £ Al - !
= 000 4576 4980 4990 5000 5010 5020 000o 25 s0 75 100
k] 0.4 Energy (eV) r(A)
5 om o XANES+PDF importance
‘D ) i XANES PDF
2 004 H

=
0.2 é_ 002
ol H 10@‘”“%%‘%_200
Feature index
0.0 !
Ti Fe
XANES YA XANES+PDF
% PDF naive classifier
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SOLVING PROBLEMS WHERE WE DON’T HAVE A WELL
DEFINED FORWARD MODEL: GENAI EDITION

from categorizing cats and dogs to facial recognition
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CAN WE DO STRUCTURE SOLUTION WITH
GENERATIVE AI?

The goal
® |nput: the PDF or a powder diffraction pattern
® Qutput: the structure of the material

That would be cool!
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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

-

Fr

-
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
Y 69°%e °
Soee 50000 082059230
oooe RIS LI
AN H
PO L OIS
0.2 00°%
%%
XN
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CASE 2: ELECTRON DENSITY DETERMINATION

Let's change the problem to something
continuous....electron-density!

¢ Collaboration with Hod Lipson (Columbia University)
® Work of students Gabriel Guo and Ling Lan

® G. Guo et al. , npj-Computational Materials (2024)
10.1038/s41524-024-01401-8

® Graph Convolutional Variational Autoencoder (CVAE)
® input: powder diffraction pattern and composition
® output: electron density distribution

® Trained on cubic and trigonal (non-orthogonal but high
symmetry) crystal systems
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CRYSTALNET: ELECTRON DENSITY
RECONSTRUCTION WITH CVAE

Input Solver Output

(x,y,2)

Position Encoder: Fourier

Chemical Encoder: MLP

Ce0.42<lse0.57

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® ! /8
©° ©° v s
og '3§3 e “3ee"
- L \J v

9, I 838 I Y

Ground Truth Predicted

Thed,,

Gd,(SiNi,),
l

~io i

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 ~9r N
Si,P,0,, Pr(’Mn(SiS7)2 Mo ZnLo,0,
e W w| W
L) . "
o v 2 rd :
InSnBr, | RB(V,S,), . Rb,PtC,
’ ] I
9 o ~ £ 19
o ’

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, c% 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

BaPb, BaSIMAWO, La,UTe, CeSe,

5,YCuCly
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DEPLOYING ML MODELS IN PRODUCTION

structureMining spacegroupMining similarityMapping

nmfMapping

prsreephonk
=

https://pdfitc.org
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mmunity  Publications  Product

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

Get PDFguiv2.0 JSENIE xPDFsuite

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

Python Packages
moo 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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DiffPy Community  Publ

DiffPy-CMI

DiffPy-CMi is our complex modeling framework. It is a highly flexible ibrary of Python modules for robust modeling of nanos-
tructures in crystals, nanomaterials, and amorphous materials.

The software provides functionality for storage and manipulation of structure data and calculation of structure-based quanti-
ties, such as PDF, SAS, bond valence sums, atom overiaps, bond lengths, and coordinations. Most importantly the DiffPy-
CMi package contains a fitling framework for combining multiple experimental inputs in a single optimization problem

This is an early release of code that is under intense development, with support for installation on Unix, Linux, and
Macintosh machines. The scope and documentation of the project will evolve rapidly, but we want to make the code avail-
able at the earliest possible date. Please make use of the software and provide feedback and suggestions for improvement
but please be patient and check back frequently for updates.

ftNi.py (~/diffpy/cmi_exchange/cmi_scripts/fNIPDF) - VIM
Bi/usr/bin/eny python
# - Coaing: uer-8 -a-

# We'11 need nuagy and pylab for plotting our results
Laport nompy

port pylab Figure 1

teast sqd

Fron scipy.on

2 Dirrpy-cur

4itTpy. s G(r) data
e U — G fit

s Files contal
aataFite = oo
StructureFite

— G diff

o The first ¢
= exomple, th
* Struceare £
n3P0F = POFCA
+ Load the da

F. Losdoat,
FLsetcale

https://diffpy.org - cmi
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IT WAS ALWAYS POSSIBLE TO DO PDF IN THE LAB

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

100 150 200

50

6 (479
0

-200 -150 -100 -50

: ; Brilhne et al., Z. Kristafiogr. 219
r (A) (2004) 245258

o 2 4 6 8 10 12 14 16 18 20 =22 =24 26 28
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LAB PDF PROTOCOLS

K 101 upuates

Chemistry
Research Article furolzf |
Chemistry—Methods doi.org/10.1002/cmtd.202500001 Sociuis Pblishing

www.chemistrymethods.org

Testing Protocols for Obtaining Reliable Pair Distribution
Functions from Laboratory X-Ray Sources Using PDFGETX3

Till Schertenleib,* Daniel Schmuckler, Yucong Chen, Geng Bang Jin,* Wendy L. Queen,
and Simon J. L. Billinge*

This is just our opinion, see also others’ work, e.g., group of Miriam Zobel
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COMPARING LAB PDF WITH SYNCHROTRON

(a) (b)

r sio, 1
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“ :Kapton
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Intensity (a.u.)
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Synchrotron-lab-PDF comparison
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THE MEASUREMENT METHOD AFFECTS THE
RESULTING PDF

3
15 (@) (b)
2
10 &
L L
w 5 [G] 10.0 12.0 14.0 20Q 225250275300
0 \ b
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Q (A1) r(A)

Comparison of F(Q) and G(r) functions of crystalline quartz collected via synchrotron
measurement (red) and lab measurement (blue).
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COMPARISON OF EXPERIMENTAL AND CALCULATED
PDF's
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® | ab data, no soller slit
® |ab data, 2.5 deg soller

® Synchrotron data
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VARIABLE COUNTING: STAIRCASE SCHEME

exponential weighting of high-Q

Q2 4 6 WP 12 14 16 region
25 ® step 0: -4-15
g2 ® step 1: 10 - 140
§15 ® step 2: 75 - 140
1: ® step 3: 107 - 140
0 20 40 60 80 100 120 140 ® step 4: 124 - 140
26 (degrees)

® step 5: 132 - 140
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DATA REDUCTION FOR LLAB PDF

A number of different options

from the manufacturers. From Us 20 @
~ 20
® DIFFPY.LABPDFPROC for < ]
multiplicative corrections .
2 4 6 8 10 12 14 16
¢ followed by PDFGETX3 enn
_ (b) (c) (d)
® Yucong Chen et al. , Z00s
Absorption corrections. To §
be pUb|IShed in CryStaI B T T TR R TR TR T D
. QAT QA" QA"
Growth & design - - -
. 10 (e) (f) ()]
(arXiv:2504.12499) - ""
<0
Also, look for .
.so, 09 out. o . s .
lefractlonObjects n 10 20 30 40 10 20 30 40 10 20 30 40
r(A) r(A) r(A)

DIFFPY.UTILS
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LAB PDF IN THE 21sT CENTURY

Lab PDF can become a standard technique in every chemistry
laboratory

® basic acquisition down to hours and minutes from days
® High quality PDFs very straightforwardly

® Data reduction and analysis protocols are close to being
automated and straightforward
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