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A reflection on PDFgui usage: increasing popularity

PDFfit2 and PDFgui: computer programs for studying nanostructure in crystals 1,276
Citations
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PDFfit2 is a program as well as a library for real-space refinement of crystal structures. It is capable of fitting
a theoretical three-dimensional (3D) structure to atomic pair distribution function data and is ideal for

nanoscale investigations. The fit system accounts for lattice constants, atomic p ... Show more
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Overview

- Small box modelling and PDFqui
- Notes of relevance for PDF analysis
- PDFgui parameters & program structure

- lllustrative PDFgui-based science example
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PDF approach

- Non crystalline materials
(liquids, amorphous solids, polymers)
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Nanoscale materials

"B * &5 &
.‘§‘~.~“

- Disordered crystalline systems
with nanoscale heterogeneities

S.J.L. Billinge and I. Levin, The Problem with
Determining Atomic Structure at the

Nanoscale, Science 316, 561 (2007).
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PDF data modeling

Small Models: Least Squares Refinement

Up to several hundreds of atoms

‘Rietveld’-type parameters: lattice parameters,
atomic positions, displacement parameters,

etc.
Refinements as function of r-range

Large Models: Reverse Monte Carlo
20000 + atoms

Fit X-ray and neutron F(Q), G(r) , Bragg profile

Constraints utilized

Static 3-D model of the structure (a snap-shot)

Multi-level /Complex Modeling

Refine higher level parameters (not each atom)
Example nanoparticle: diameter, layer spacing,

stacking fault probability
Choose minimization scheme

Emerging: ab initio and force-field based

approaches
Density Functional Theory
Molecular Dynamics
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PDF data modeling

PDFgui

Small Models: Least Squares Refinement

Up to several hundreds of atoms

‘Rietveld’-type parameters: lattice parameters,
atomic positions, displacement parameters,

etc.
Refinements as function of r-range
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Large Models: Reverse Monte Carlo
20000 + atoms

Fit X-ray and neutron F(Q), G(r) , Bragg profile

Constraints utilized

Static 3-D model of the structure (a snap-shot)

Multi-level /Complex Modeling

Refine higher level parameters (not each atom)
Example nanoparticle: diameter, layer spacing,

stacking fault probability
Choose minimization scheme

Emerging: ab initio and force-field based

approaches
Density Functional Theory
Molecular Dynamics
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PDF approach

- Non crystalline materials
(liquids, amorphous solids, polymers)
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Nanoscale materials
. structure
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- PDFQU
- Disordered crystalline systems : : symmetry
with nanoscale heterogeneities :

S.J.L B_iIIi_nge and I._ Levin, The Problem with
..... breaking Nanoscale, Science 316, 561 (2007).
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Small box PDF modeling approach

Small box: assumption of periodic
boundary conditions (P1)

Relatively small number of atoms
(up to several hundred)

Built-in symmetry constraints with symmetry equal to or
usually lower than the average crystal symmetry

Involves least squares refinement over selected r-range
(typically up to a few unit cells, translational symmetry not relevant
for narrow range fits, when box size effectively provides “metrics”)
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PDF approach

dec-:qen Telhm
1 2
H He
10075 40086
Athium beryilum o carbon nilrogEn oxygen Tucrine =0
3 4 5 L] 10
Li | Be B|C|N|O]| F |[Ne
Gadt 90122 10811 12.011 14,007 15590 18 008 20,180
sodim | magnesiam ST sticon | pospons sUfur | cllonne | cegon
11 12 13 14 15 18 17 18
. . . Na [ Mg Al|Si|P | S|[Cl]|Ar
C 20,000 24405 26.062 28,0806 30,974 32.065 36453 20048
[ ] O n S I e rI n S C a e rI n C O n raS potassium caldium searaunm tlanum wamadum | cheomium | manganese =] cobil nickal ooppar Zne gallum gefmanum | arsanic salenim brcening Kryphon
19 20 il 22 3 24 25 26 27 28 29 30 3 32 33 34 35 36
K | Ca Sc|Ti|V |Cr|Mn|Fe|Co| Ni|Cu|Zn|Ga|Ge|As|Se|Br|Kr
20,008 40078 44066 AT BET s0.942 51.006 54,908 55845 59,053 50,693 £3.506 6539 £3.723 72,81 74.972 78,96 70.904 83.60
Tubidiem | stronlium Vilmm | ZFconhim | nicblum | molybodsnim| taehnetiam | nohenum | modum | paladim | sibver cadmium Wdnm |t | amumony | Gelumom | leding | xenon |
ar 38 39 40 41 45 47 48 49 50 5 52 53 54
Rb | Sr Y | Zr ([Nb|Mo|Tc([Ru|Rh|(Pd|Ag|Cd| In |[Sn|Sb|Te| | | Xe
SEAGE 762 £8.006 M.2H 02506 85 108 10107 10291 100.42 107 BT 112.41 11482 1871 12176 12760 12690 131.29
coNSiT burim [ETTT Teatiitrn [T lurkzslés [ QSMAN i platiraim okl mefary Wl [ [ peksiin astitie fadon
55 56 57-70 | 72 73 4 75 76 77 78 il 80 81 B2 83 B4 85 86
-
Cs|Ba| * [Lu|/Hf | Ta| W |Re|Os| Ir | Pt |Au|Hg| Tl |Pb| Bi | Po| At | Rn
132,91 137.33 17497 17EAS 120,95 1836 19521 190,95 19222 196,08 196,97 20059 .38 2012 0898 20 1 220
. . . Trancum radim TawrEncum |mmeriondim]  qubnom | seaborgim | bohram | fassium | meinanim | snennilim | murenkm | imunsium mungquadom|
C d b t 87 88 89102 103 104 108 106 107 108 109 10 111 112 114
° onsil erlng a SOI’p IoON Fr|Ra|* x| Lr | Rf | Db | Sg | Bh| Hs | Mt ([Uun{Uuu|Uub Uuq
L 229 | 22 I22) | [ees] ) peea) | (64 | joed) ) [wo ) s ] [oT) [272) 12 | | 1259 |
[Taniharam | cemim  peascodymiue] necdymiin | prometium | samanan | ewcpiim | gadoinkim | (erbhm | dysposhm | Bolmkm | erbian | i llerbm
*Lanthanide Sefies 57 58 59 60 61 62 63 [ 65 66 67 68 69 To
La[Ce | Pr|Nd|Pm|Sm|Eu|Gd|Tb|Dy|Ho| Er |Tm| Yb
138,01 14012 140.41 144,24 {145 15036 151 06 157.25 158 0% 162,50 16453 16728 168 9%
Betnium | horum | prolaclinum | wranuim | neplaniim | plonkim | amedenm | curkm | berkallm | callomum | einsteniam | fermom [ mendelevim| nobellum
**Actinide series 89 90 9 92 93 9 95 96 97 98 99 100 101
Ac|(Th|Pa| U |[Np|[Pu|Am|{Cm|Bk | Cf | Es |Fm|Md | No
[227 23204 Z31.04 22803 [237] [244] [243 1247 [247] 1251 252 [257] 259 259

- Considering isotopes and resonances
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PDF approach

Experiment

L = Isam T Ibgrd

Inam = A-P- [(1 i Icoh + It'm: + Imul]

_ Icoh(Q) - <b2> + <b>2

47sin @
="
experlment
/Q —1)sin Qr dQ
interatomic distance, r (A) _
Analysis

PDFgui does NOT model relatlonshlp to structure PDFgui provides
fix data problems —ri;) — 47rpo a PDF calculator
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PDF approach

r; — interatomic distance between atoms i and |

Relationship to structure /
1 P.,=N/V average number density

_— - - — O
Glr) = NT 5(T — i) — Amrpg «—— (number of atoms per unit volume)
R .3 3 E

r — running variable (distance)

scattering “scale” for pair of atoms i and j Neutrons: b,

weighted by averaged scattering “strength” X-rays: 1(Q=0), effectively Z
Experimental setup limitations Truncation effects in Fourier transform
/ (termination ripples, limited r-resolution)
X QMAX
/Q —1)sin Qr dQ |deally one would like to have
X Quin * broad Q-range
» good Q-resolution
\ Small angle scattering

This is not always essential!

(&) Brosknaven Information is (usually) missing

National Laboratory



PDFgui — awareness of various effects

Some effects that should be accounted for in data modelling

« Thermal broadening

« Correlated motion of nearest neighbors

* Finite Q,,, (truncation)

« Limited Q-space resolution (field of view)

 Particle size

L? Brookhaven
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Effect of thermal broadening

Thermal vibrations of atoms broaden PDF peaks
anisotropic atomic displacement parameters (ADPS)
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Effect of correlated atomic motion

Nearest neighbors tend to vibrate in correlated manner
this sharpens the NN peak(s) in PDF relative to distant peaks
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Effect of correlated atomic motion
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PDF correlated atomic motion outlaws

Weak effects: soft bonding

(e.g. PbTe) Enhanced effects: strong bonding

break the rule (€.g. In CeColn)

1 o 1

e
4 -

difficult to model

10

PDFgui handles most
correlated motion cases
(empirical corrections)
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Effect of finite data range (Q,,,, truncation)

9 [Qmax , simulated nickel PDF
G(r) = — ] F(Q)sinQr dQ o0 | |
™ Jo Q =15A"
max
15 6
1 4 —
<
>- <
0 0
05 2
0 10 20 30 2 1 0 1 2
Q

» jdeal F(Q) is multiplied by a step function

= G(r) gets convoluted with a sinc function sinc(r) = sin(Q.x N /r =2
r-resolution = /Q, .,

= good r-resolution of G requires large Q.
Q =41 sin 6/ > best results with TOF neutrons or high-energy X-rays
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Effect of the Q-space resolution

» Ideal F(Q) is convoluted by Gaussian to simulate finite Q resolution
* G(r) gets multiplied by real-space Gaussian with reciprocal width
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For G(r) to have good r-range high resolution in Q is required
(&) Brookhaven Q-resolution defines PDF “field of view”
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Effect of the Q-space resolution

Silicon PDF from high resolution and low resolutien data
o &ray=ID—31 ESRF Grenoble blue=6-ID-D APS Argonne (MAR345)
HV | I | I | I | l | l | l |
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PDFgui accounts for the effect
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Effects of the finite particle size — nano vs bulk

' [
Au bulk
Au nano

= N
O SH N v ‘
) i |||_I!"![ Il'l]h'l"| wll“l‘[!i‘ll -—',m*“l.ilr'l! IL“I-!.L.!’."."JT!
v J il
T

10 20 30 40 50 60 70 80 90

Experimental PDFs of gold nanoparticles and bulk gold, measured on 100A
NPDF. Signal damping depends on both shape & size!

PDFgui accounts for spherical shapes only

K.L. Page et al., Chem. Phys. Lett. 393, 385 (2004).
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Things needed for small box modeling ...

PDF data (sample.gr files) and associated information such as Q.
used, range of data, type of radiation, sample chemistry, ....

In small box modelling approach, one typically starts from a
refinement of a known/suspect structure, (thus reducing the volume of
the parameter space as much as possible)

High-r region ~average structure
Low-r region ~local structure
(biased view with bulk materials in mind)

Starting structure information
space group and lattice parameters
fractional coordinates (asymmetric unit cell) & occupancies

having site-multiplicities handy may be helpful for
crosschecking (e.g. PDFgui works with symmetrized cells)

Having an origin choice handy, if multiple are available,

(&) Brocknaven could matter



PDF modeling

 PDF iIs simulated from a known structure model

* structure model is parameterized by a set of parameters p; ADP

* residuum R, - difference between observed and simulated PDF

2 obs Tn — calC(T’n)]2
R pl}p2a s ( )
obs

* least-squares refinement of p, to minimize RW

« Effects from setup (e.g. finite Q-resolution) or sample (correlated NN-motion)
accounted for

(rQdamp)” ;. &8
B(ry=e — 1 7 =Ty — = =+ Qfoaa™)

i Ty

L? Brookhaven
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PDFgui overview

 PDFgui is a graphical interface (modeling platform) built on the PDFfit2 engine
« The PDFfit2 engine written in C++, Python accessible, can be prompt operated

 PDFgui organizes fits and simplifies many data analysis tasks, such as configuring,
exectuing, and plotting multiple fits, adding functionality to script driven PDFfit2

« PDFfit2 calculates & fits a theoretical 3D-structure to PDF data (does all the work!)

« The fit system accounts for lattice constants, atomic positions and anisotropic ADPs,
correlated atomic motion, as well as standard experimental factors affecting the data

« The atomic positions amd thermal coefficients can be constrained to follow symmetry
requirements of an arbitrary space group, enabling studies of local broken symmetry

PDFgui

[ PDFfit2 engine ]

L? Brookhaven
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PDFgui overview
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PDFgui

GUI interface to PDFHit2 is user friendly modelling environment that can
be used for quick simulations (useful for experiment planning and
sensitivity tests)

can organize multiple related fits in a single project file (.ddp file) easily
shareable with colleagues, with journal facility

powerful visualization facilities

- live plotting of refined PDF profiles

- parametric plots of variables from multiple fits

- 3D structure visualization (optional connection to structure plotting)

structure model manipulation

- supports xyz, PDF, CIF and PDFfit formats

- supercell expansion

- expansion of asymmetric unit

- generation of symmetry constraints for coordinates and atomic
displacement factors, ADPs (“thermals”)

wizards for T-series, doping-series, r-series
(smart extraction of meta-data from files)

Easy set up for “on the fly” refinements of incoming data helps making experimental decisions



PDFguil parameters and program structure

* PDFgui parameters associated with DATASET

Fit range (fy, Myvax) user selected refinement r-range

Qmax upper limit of integration used in Fourier transform
defines r-space resolution, predetermined

1.5

! Qmax|  Lorcht Ite\“r-s_\_ not supported

0.5

Qdamp 0

-0.5

Gaussian dampening (due to limited Q-resolution)

Quroad High-r peak broadening (due to increased refined
Intensity noise at high Q and other sources, only
significant when ry,y is large)

dscale scale factor associated with dataset

L? Brookhaven
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PDFguil parameters and program structure

 PDFgui parameters associated with PHASE

pscale phase scale factor
NOTE: could be redundant/correlated with dscale

a,b,c,a, B,y lattice parameters

X[N] X-position (fractional coordinates)

y[n] y-position

z[n] Z-position

occ[n] site occupancy

u[1..6,n] anisotropic displacement parameters U [A2]

NOTE: Refinement parameters can be correlated, particularly when a model is
refined over a narrow r-range of data. PDFgui reports on correlations > |0.8|

L? Brookhaven

National Laboratory



PDFguil parameters and program structure

* PDFgui parameters associated with PHASE for correlated atomic motion

deltal 1/r contribution to peak sharpening [A-]
delta2 1/r2 contribution to the peak sharpening [A2]
sratio peak width reduction for correlated motion
(special cases of rigid structural units)
T o
rcut . radius cuttoff for applying the sratio
. sharpening factor [A]

-0.5

Note: Empirical correlated motion parameters are selected depending on
material, they are very strongly correlated and affect other parameters

Il . - I I
0y =0

L? Brookhaven
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PDFguil parameters for nanoparticles

spdiameter spherical particle diameter for PDF shape
damping function [A]

1.5

stepcut 05 r value above which the PDF is truncated
0 to zero [A]
-0.5

i |

250 |, 62 atoms, 1.2 nm _|
I 340 atoms, 2.3 nm |

200 |~ bl
i 992 atoms, 3.5nm

150 :LJWM.‘ Mot |

& i ' m . 2184 atoms, 4.6 nm |
100 [~ I I 4070 atoms, 5.8 nm —

5320 atoms, 6.3 nm
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PDFguil parameters and program structure

 PDFgui declarations associated with PHASE

X atom type associated with given site (all sites)
declaration e.g. Ni/Ta/Ca (label used to read scattering info
from lookup tables of b, and Z).

* PDFgui declarations associated with DATASET

Neutron/X-ray scatterer type
declaration (used to determine lookup table)

NOTE: In rare instances one may experience the following
In case of X-ray radiation Z, is used for element X. If ions present one can change X
from original element to a fellow element with adequate electron count.

In case of neutron radiation b,y is used for element X. Lookup table contains
information per natural isotope abundance. If isotope substitution is present, lookup
table has to be modified with adequate b specified for a dummy element with made-up
alphabetical code that will then be declared in the phase using that alphabetical code.

L? Brookhaven
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PDFguil parameters and program structure

Parameters are assigned by the handle syntax @pn,where pn is the parameter number
For example, @1, @55, @321, etc, note that numbers do not have to be consecutive
Variables that are assigned the same handle will be described by the same parameter

Caution should be exercised to avoid unintentional assignment of the same parameter
number to incompatible variables (variables of different type)

...more details at the tutorial ©
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lllustrative example: emerging state in AgGaTe,

Diamondoid structures (zincblende doubled along c-axis)
of intense interest in high-performance thermoelectricity

1D-_: @ CuGaTe, |
' @ CulnTe, ]
@ AgGaTe, |

ZnTe Chalcopyrite
(a=b=c) (a=b=c/2; n=|2-c/a|)

Why is lattice thermal conductivity at high temperature
Ultralow, and smaller in Ag- than in the Cu-variants?

300 450 600 750 900
(&) Brookhaven Temperature (K)

National Laboratory



lllustrative example: emerging state in AgGaTe,

? — N ?
S ST s Rietveld finds that in average structure c-axis of
S S Ag-variant has negative thermal expansion (NTE)
S @ while Cu-variant behaves normally. Why?
—~ O R
% =%
S &
=Y. L& o
O <
=% ceT  AGT | = ~
300 400 500 <
Temperature (K) 5y
o
Atomic ADPs of Ag are abnormally enlarged in the ab-plane
(perp. to c-axis) indicating in-plane nanoscale disorder! .

D 1 Il
300 400 500
(&) Brookhaven Temperature (K)
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lllustrative example: emerging state in AgGaTe,

| | | | | I |
' ooo 320 Kdata

1

Atomic PDF, G (A?)
-1 0
n
oo T

142d model —

10 20 30
Interatomic distance, r (A)

discovery via elaborate PDFgui modeling
distortion involves local AgTe, rotations
leading to global NTE effect

continuous emergence on warming

NTE a macroscopic measure of nanoscale
distortion and its evolution on warming

L~Bmkhaven_ Hongyao Xie et al, Adv. Mater. 34, 2202255 (2022)
©

National Laboratory

PDFgui modeling evidences short-range
distortion of AgTe, tetrahedra, correlated
over nanometer length-scale!
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