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Short (re)introduction to PDF
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Whatis a PDF?

* Probability of finding two atoms at a given separation, r

 Study of short- and medium-range order in crystalline, semi-
crystalline and amorphous solids and liquids

* Applicable to a wide range of disciplines, e.g.
* Materials chemistry
* Solid-state physics
* Earth sciences
* Pharmaceuticals



Whatis a PDF?

* Peak positions: Bond lengths, geometry, unit cell
* Peak widths: Vibrations, phonons, disorder

* Peak areas: Coordination number, occupancies

* Peak Jamping: Size, shape 0.9
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Orientational Disorder

Why are total scattering and PDF useful?
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How do you get a PDF?
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How do you get a PDF?
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PDF analysis
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PDF analysis
| | | l

Coordination :
Bond lengths Small box Big box
Rietveld-type RMC
refinement refinement
MD methods
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Outline

1. Model-independent analyses
- Visual analysis of the PDF
- Peak-picking and trends
- Principal component analysis / NMF

2. Real-space refinement methods using PDFgui

- Introduction and basics
- Calculated PDFs and partial PDFs
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Model-independent analyses
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What can we learn from looking at the PDF?

Peak Position ” Atomic Distances
Peak Area h Coordination Number
Peak Width 4smm) Disorder
” Peakr, . € Particle Size, Coherence
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Chapman, K. E., MRS Bull. 41, 231 (2016).



Model-independent info

* Peak positions <> atom-atom distances

e.g. LiRh,0,

Red = High temperature cubic
Blue = low temperature
orthorhombic

Rh-Rh peak splits

- Peak presence at 2.7 A
indicative of Rh-Rh dimers

PHYSICAL REVIEW B 88, 174114 (2013)

Rh-Rh

Peak-picking
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Model-independent info | Peak-picking

* Peak positions <> atomic positions
e Obtain the Cu-Cu connectivity in unknown metal-organic framework

e Constrain the structure solution from powder diffraction

Cu-0

,_l_| Cu-Cu
A
c-C &\_\
e
&

Experimental
PDF

2.6 A
/\ . Cu-dimer
/\/\ (HKUST-1)
. 3.4A
Cu-tetramer 59 A
. : : : . (Cu-SIP-3)
1 2 3 4 5

r /A
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Model-independent info | Peak-picking

* Peak positions <> atom-atom distances

* e.g. amorphous carbon: graphene-like distances, no interlayer distances

400000
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Model-independent info | Peak-picking

* Peak positions <> atom-atom distances

* e.g. amorphous carbon: graphene-like distances, no interlayer distances

1
H I | Max

G(r)

|
L 3

carbon

graphite

25

T T
5 10
r/A

l 3
Amorphous
Straford, J. M., Chem Comm, 52, 12430 (2016)
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Model-independent info | R

* R . € particle size or coherence

* Crystallisation processes result in increase in R,

2.5
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Model-independent info | R

* R, ., € particle size or coherence

e Attenuation of PDF due to finite particle size

) i X2 62atoms, 1.2nm

340 atoms, 2.3 nm Gold nanoparticles

200 U bsteasasns AU-S d E |
992 atoms, 3.5 nm u->andt I? Cap

bbb layer @ 2.4 A
2184 atoms, 4.6 nm .
> Comparison to
100

simulated G(r) for
nanoparticles

" A ‘ 4070 atoms, 5.8 nm
l H I ll B:ZO atoms, 6.3 nm

experiment

r(nm)

18 diamond
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Model-independent info | Peak-picking

* Peak position <= atomic positions

* Compare to expected bond-lengths from crystal structures

* e.g. hydrothermal synthesis of nanoparticles of y-Fe,O,

4.5
4.0
3.5
3.0
2.5
2.0
15

G(r) (Arb. units)

1.0
0.5
0.0

-0.5

5.0

Fe -Fe, Fe -Fe,

_'Fe-O \

23|4567

Precursor Fe-Fe ' (A)

Jensen, K. M. @, ACS Nano, 8, 10, 10704 (2014)

&%

1. Growth of Fe_-Fe_
2. Growth of Fe_-Fe;

- implies condensation of clusters along
corner-sharing tetrahedral units
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Model-independent info | Peak-picking
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Fit a linear baseline of -4mtrp (p = density of the sample)

Fit Gaussian peak shapes to the peaks

ano Fityk 1.0.1 - /Users/wojdyr{fityk/src/wxgui/Fityk.app/Contents/Resou

Note: useful for low-r, difficult at high-r - many overlapping peaks
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Model-independent info | Peak-picking

* SrMise is a package for ‘unbiased’ peak extraction from PDF data
* Automatically estimates whether the addition of a peak is justified

e Termination effects are accounted for

e
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https://www.diffpy.org/diffpy.srmise/ .
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Model-independent info | Peak-picking

Peak position <= atomic positions

Compare to expected bond-lengths from crystal structures

e.g. FeOF as a lithium-ion battery anode
FeOF + 3Li* + 3e™ = LiF + Li,O + Fe
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Wiaderek, K. M., et al, JACS, 135, 4070 (2013) Fe-metal formation



Model-independent info | Peak area

* Peak area gives mformatlon about coordination number

- Lithiated FeF, forming bcc Fe

- Reduced intensity of the
second peak (along the unit
cell edge) used to quantify
defect concentration

- Note that these effects must
be decoupled from
instrumental dampening and
spherical particle dampening
of G(r)

Wiaderek, K. M., JACS, 136, 6211 (2014)
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Model-independent info | Peak damping

* Peak-damping <= particle shape information

(a)

o experiment (b)
sphere refinement (2 2.4 nm) d

sphere simulation (2 3.5 nm)

o experiment

prolate ¢

o experiment

oblate b

o experiment
oblate b (mean with SD)

rl/A

Hua, X. et al., JACS, 137, 13612 (2015)
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Model-independent info | PCA/NMF

* Principal component analysis / NMF separates common atom-
atom correlations from a series of solutions

* Not suitable for some systems e.g. solid-solutions

(@) Raw PDFs

sozsomtions  Collect data on a
series of samples

!

Find principal
component

(¢) Differential PDFs l

o\ ————— S~ Use differential

U | T — \/\’\/\/\/\'—— w—\,\]\/«\/\——-— :
approach to obtain

A ; :
Y Y —— Ao P Founter |.on
information

NO, solutions

Cl solutions

(b) Principal
component

25 diamond
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Model-independent info | PCA/NMF

* Note that the raw PC can be linear combinations of actual PCs

e Use physical constraints (e.g. peaks +ve above baseline for X-ray) to obtain the
“correct” PCs
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Creating and querying
models with VESTA
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VESTA | Structure viewer

* Visualisation for Electronic and STructural Analysis

 http://jp-minerals.org/vesta/en/

* Flexible and free 3D structure viewer

e
-4 LiINH2_10354.cif - VESTA

==

Eile

a

PCh%% O+ 7

Edit View Objects Utilities Help

b cab Dt & & A Fstep(r 50 £ § @0 Step(p: 10 = == ' Step(%): 10

Structural models
[¥] Show models
[T Show dot surface
Style
© Ball-and-stick
() Space-filling
) Polyhedral
©) Wireframe
(@) Stick

Volumetric data
Show sections
Show isosurfaces
Surface coloring

Style

® Smooth shading

m

Wireframe

Dot surface

Crystal shapes
Show shapes
Style
@ Unicolor
Custom color

Wireframe

LiNH2_10354.cif

H H1 0.22600 0.14900 0.17200 1.000 4.900 8g 4 -
H H2 0.30800 0.35900 0.11400 1.000 3.800 8g 1

Number of polygons and unique vertices on isosurface = 0 (0)
157 atoms, 1828 bonds, 25 polyhedra; CPU time = 2 ms

Output | Summary | Comment |
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VESTA | Robust structure (.cif) reader

* Read a structure (.cif) into VESTA and check it looks sensible

* Export the structure from VESTA to a new .cif, and most programs will

read it correctly (e.g. TOPAS, PDFgui)

[E=EIT)

29
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...an aside on .cif files

e Crystallographic Information Framework file format

* Most common format for inorganic and small molecule structures

* Available from various free and paid-for sources

FIZ Karlsruhe | Contact
- ICSD Welcome to ICSD Web. IP authenticated (130.246.140.4). Royal Close session
Society Chemistry
Legin Basic Search & Retrieve © Search Action
Loginld: Free Text Search Run Query Clear Query
General
FEEETTEE Attributes
Login Personalized Bibliograpl eoﬁ
- E— Crystallography Open Database
password? account
Title of Jou
Content Selection (7] COD Home
+ Experim. inorganic structures Title of Ati Home )
What's new? &3
Experim. metal-organic str. Dol
Theoretical structures Accessing COD Data
Chemistry
Navigation Browse
Compositic Search
Q, Basic search & retrieve Search by structural
Cell formula
Advanced search & retrieve Cell Param
Add Your Data N - :
@, Bibliography _ Open-access collection of crystal structures of organic, inorganic, metal-org
Cell Yolum | Deposit your data minerals, excluding biopolymers.
@ Cell Manage depositions — ==
Symmet M: frel
@ Chemistry 4 + ;‘;:ﬁi;;:j:m Including data and software from CrystalEve, developed by Nick Day at the departiment o,
Space Gro Fiversi ; e h -
@ Symmetry Symbal University of Cambridge under supervision of Peter Murray-Rust.
@, Crystal Chemistry All data on this site have been placed in the public domain by the contributors.
Crystal Sy: COD Wiki
@ Structure Type Obtaining COD Currently there are 514888 entries in the COD.
| i Latest deposited structure: 2312522 on 2024-06-18 at 01:56:01 UTC
Privacy and GDPR
Querying COD
Citing COD
COD Mirrors

Advice to donators
TLocayu

The Materials Proje

This site is an interface to a crystal structure database that includes every structure published in the American Mineralogist, The Canadian
Mineralogist, European Journal of Mineralogy and Physics and Chemistry of Minerals, as well as selected datasets from other journals. The
database is maintained under the care of the Mineralogical Society of America and the Mineralogical Assodiation of Canada, and financed by
the National Science Foundation.

\-

| Mineral

‘ Author

The Materials Project
Harnessing the power of supercomputing and state-of-the-art

methods, the Materials Project provides open web-based access
computed information on kno 3 §

| Chemistry Search

and Syms

| Diffraction Search

\
\
\
| | cell
\
\

| General Search
Search Tips

) ' ] Deposit stru | Search || Reset |
powerful analysis tools to inspi

Home

® cso

ES

Logic interface @® AND ) OR
Viewing (About File Formats) & amc long form () amc short form ) cff

Download ® amc O df () diffraction data

Login or Register

A e

MATERIALS

154,718 The Comprehensive Repository of Validated and
Curated Small Molecule Organic and Metal-

organic Crystal Structures

Established in 1965 with historical structures dating back to the 1920s, the Cambridge Structural
Database (CSD) now contains over 1.25M accurate 3D structures with data from X-ray and neutron

and additional curation from the CCDC. The database is used by researchers v

30

diamond




VESTA | Crystal symmetry helper

* When reading in the structure, i

each site

t will tell you the Wyckoff position of

LiNH2_10354.cif - VESTA

¥
File

LA P R St

Edit View Objects Utilities Help

b cab Dt § ot 2ot & §

Tocls | Style | Objects

Structural models
[¥] Show models
[ Show dot surface

Style

@ Ball-and-stick
() Space-filling
) Polyhedral

() Wireframe

(7 Stick

Volumetric data

Show isosurfaces
Surface coloring

m

LilH2_10354.c

4 nmp Step (px): 10

+

= o] Step (%) 10

Style

@ Smooth shading

Unit-cell volume

= 260.766946 &~3

Wireframe Structure parameters
Dot surface
X ¥ z Qcc. B Sym.
1N N1 0.22840 0.24520 0.11480 1.000 1.20 1
Crystal shapes 21 il 0.00000  0.00000  0.00000  1.000  0.98 1.
Show shapes 3 Li Li2 0.00000 0.50000 0.25000 1.000 1.72 4.
Style 4 Li Li3 0.00000 0.50000 0.00420 1.000 1.70f 2..
SH HL 0.226800 0.14900 0.17200 1.000 4.30 1
@ Unicolor 6 H H2 0.30800 0.35900 0.11400 1.000 3.80 1
Custom color
Wireframe Number of polygons and unique wertices on isosurface = 0 (0)
157 atoms, 188 bonds, 25 polyhedra; CBEU time = 2 ms
.
e - ~ | Output | Summary | Comment
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VESTA | Crystal symmetry helper

* Go to the Bilbao Crystallographic Server

{ =B
{5 Bilbao Crystallographic Server X
(— - C @ ® www.cryst.ehu.es - w| | Q search Y inD @ =
%% Most Visited (D) Getting Started Diamond Light Source (Z) Web Slice Gallery
. - tﬂ’
bilbao crystallographic server e
Contact us About us Publications How to cite the server
Quick
access to
some
tables
H Magnetic Symmetry Priiva il
A 4 Space
I 3 Groups
Group-Subgroup Relations of Space Groups
-t
Plane
Bilbao Crystallographic . | ! Groups
Server Representations and Applications
in forthcoming schools
and workshops éraoﬁ;s
Solid State Theory Applications
News:
Rod Groups
« New Article in Acta
Cryst. A 05/2019: Fii
Gallego ef al. "Automatic neze
calculation of symmetry- Groups
f::g"ﬂ’:ﬁc‘e;:‘”ﬂi;”_ Subperiodic Groups: Layer, Rod and Frieze Groups
magnetic materials: a new 2D Point
.yt hs s $etievatop 0P | -

32 diamond
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http://www.cryst.ehu.es/

VESTA | Crystal symmetry helper

* Go to the Bilbao Crystallographic Server
* Look up to symmetry rules for each site

= @] =
)} Bilbao Crystallographic Server X
&« [ @ cryst.ehu.es e 4 Search LI D & =
£# Most Visited (D) Getting Started Diamond Light Source (&) Web Slice Gallery
|
o | B e
450 Wyckoff Positions of Space Gre X
&« ¢ o @ www.cryst.ehu.es/cgi-bin/cryst/programs/nph-wp-list| N ses g Search v INnD & =
£ Most Visited @Gettlng Started Diamoend Light Source @Web Slice Gallery
Bilbao Crystallographic Server -+ WYCKPOS — Wyckoff Positions Help
i Wyckoff Positions of Group /-4 (No. 82)
: o koff| Site | Coordinates
i o Multiplicity |*\YS
o UIPCty Wetter |symmetry| (0.0.0) - (112,1/2,172) +
log| [ 8 [ o [ 1t [evaxyavxaxa
| [« [ | 2. [owgoroa
Bilbao Crj| [ 4 [ e [ 2. [oonwooa
g [ 2 | o [ 4 [wu23 =
in forthcg|
and Wi [ 2 | [ 4 o1
2 b 4 (0,0,1/2)
N M
ews 2 a 4 (000
« New 4|
Cryst
Gall - N . "
cacad| Wyckoff position and site symmetry group of a specific point
adapteq |
m:g"Et | Specify the point by its relative coordinates (in fractions or decimals)
gnet| |
tool of t]| Variable parameters (x y,z) are also accepted
%“ |
X= y= z= L
Show

L If wninwant tn see the Whirknff nnsitinn in nther eettina rclick here

http://www.cryst.ehu.es/
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VESTA | Bond lengths

 Select a bond to see its length (with errors)

LiNH2_10354.cif - VESTA

-
File Edit View Objects Utilities Help

abcab Dt E DA P storrsso & § e md Steppn: 10 A = T Step(%): 10

Tools | Style | Objects|
Structural models
[¥] Show models

[ Show dot surface

] »

Style
@ Ball-and-stick

LY
B o
||
d’ © Space-filling
.K'.;
v
S

(©) Polyhedral
© Wireframe
@ Stick

Volumetric data
Show sections
Show isosurfaces
Surface coloring

Style
® Smooth shading

m

Wireframe

Dot surface

Crystal shapes
Show shapes
Style
@ Unicolor
Custom color

Wireframe

——

Dmiiomcdams N - i

LiNH2_10354.cif |

Bond: 1(Li2-N1) = 2.2140(18) &
3 Li2 Li 0.50000 0.00000 0.75000 { 0, 0, 1)+ y, -X, -z
1 N1 N 0.72840 -0.25480 0.61480 ( 0,-1, 0)+ x+1/2, y+1/2, z+1/2 iy

Output Summaryl Cnmmentl

I(Li2-N1) = 2.2140(18) A
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VESTA | Bond lengths

 Select a bond to see its length (with errors)

* If polyhedra are selected, it will tell you all of the bond lengths and

details

.+ LiINH2_10354.cif - VESTA

File Edit View Objects Utilities Help

abcabccDtE P P s £
k Tools | Style | Objects| LiNH2_10354.cif |

Structural models =

§ €0 Step(px): 10 o == ol Step(%): 10

[¥] Show models

[ Show dot surface
Style

@ Ball-and-stick

: 9 Polyhedral >
©) Wireframe

@) Stick

Volumetric data

PCh™Oo%

Show sections
Show isosurfaces
Surface coloring

Style

@ Smooth shading

1M

Wireframe

Dot surface

Crystal shapes
Show shapes
Style

® Unicolor

Custom color /x{z-m) = 2.2140(18) &
1(Li2-N1) = 2.2140(18) &
Wireframe

Average bond length = 2.2140 &

Polyhedral volume = 5.5041 A3

Diatnrtion _index (bond lenath) = 0.00i
D e Iy \&@ut | summary | Comment |

n

Press "Del” to delete selected objects, "Esc” to reset delm
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VESTA | Bond lengths

* If you want to know what bonds are present for a given r range, you
can edit the displayed bonds

e e.g. all bonds between 2.2 and 2.3 A

J% LiNH2_10354.cif - VESTA
File [Edit| View Objects Utities Help

2 Undo Ctrl+Z - L _’- Step (7): 450 g i 1 1 Step(px): 10 o = :D: Step (%): 10
Red, Ctrl+Shift+Z
R e B T ETET
Edit Data 3
L Eonds... Ctil+B - =
Bonds - LINH2_10354 cif
* VECTars...
L a3 Phase: 1 “ [Hztia e -
Q Preferences.. Search bonds and atoms
—rop g —
d?p  Polyhedral Search mode
: ©) Wireframe (©) Search A2 bonded to Al
) Stick arch honded to Al F aka n the boundary
v earch molecules () Search additional atoms recursively if either A1 or A2 is visible
Volumetric data
[ Chow sections [SearchBylabel [ Show polyhedra

Show isosurfaces Al: [H AZ (N Min. length: 2.2 Max. length: 2.3
Surface colaring

Style -
Na. Atom 1 Atom 2 Bound. Poly.
@ Smooth shading

. B
Wireframe

Crystal shapes

Show shapes oK ﬂ Cancel H Apply
Style

@ Unicolor

m

Custom color
vstom color 771 atoms, 856 bonds, O polyhedra; CPU time = 4 ms
Wireframe

45 atoms, 36 bonds, 0 polyhedra: CPU time = 1 ms

:

b n : ~| Output |Summary | Comment
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VESTA | Bond lengths

* If you want to know what bonds are present for a given r range, you

can edit the displayed bonds

e e.g. all bonds between 2.2 and 2.3 A

.4+ LiINH2_10354.cif - VESTA

[ESET)

File Edit View Objects Utilities Help

[Tools | Style | Objects]| LiNH2_10354.cif
| Structural models

[¥] Show models
[T] Show dot surface
‘? Style
Q @ Ball-and-stick
Space-filling
d’p Polyhedral
& Wireframe
V 7) Stick
b

Volumetric data

......... rmmme 1~ | Output [Summary | Comment

45 atoms, 36 bonds, 0 polyhedra; CPU time

45 atoms, 36 bonds, 0 polyhedra; CPU time

a b cab Dt F A A P stpr 150 ® § @noud Step(prr 10 o == ' Step (%) 10

Press "Del” to delete selected objects, "Esc” to reset deleted objects.
\
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VESTA | Creating models

* For PDF data you may want to model part of a structure e.g. one
molecule in isolation

b paraif - VESTA SRACE x|

Fle Edit View Objects Utilties Help
a b c a*b Dt F & P 50 B § e Stepp: 0 = o] Step (10
k Tools | Style | Objects para.cif

Structural models -
[¥] Show models

[ Show dot surface
Style

@ Ball-and-stick

() Space-filling
) Polyhedral
*) Wireframe

7 Stick

Volumetric data

Lo YR 30

Show sections
Show isosurfaces
Surface coloring

Style

@ Smooth shading

m

Wireframe

Dot surface

Crystal shapes
Show shapes
Style

@ Unicolor

Custom color

Wireframe

=—

P ~ | Output | Summary | Comment

Number of polygons and unique vertices on isosurface = 0 (0)
270 atems, 278 bonds, 0 polyhedra; CPU time = B ms
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VESTA | Creating models

* 1. Remove symmetry

para.cif - VESTA

¥
File [Edit] View Objects Utilities Help

a Unde CtrieZ ot P Scorraso # 5 duoud Sicood: 10 e e ‘0 Sico(%: 10
— Redo Ctrl+Shift+Z ( Edit Data - para.cif |7X§
k Edit Data 3 Phase. Ctrl+E
C8 HI ML 02 -
L Bonds... Crieg | UnitCel
Vectors... Structure Parameters... Il | Structure parameters | Volumetric data | Crystal shape
* Lattice Planes... Volumetric Data...
Q  rrerences. Coystlshape.. ructure
T
‘;\9 e System * || No. Space Group “ | No. Setting ol
) Polyhedral -
Molecule 10 P2/m Ll 11 P 21/c (Unique axis b) L
£ Custom b (et P2L/m 2 P 21/n (Unique axis b) 1
v Triclinic A (12 C2/m 3 P 21/a (Unique axis b)
Volumetric data Monoclinic 13 P2/c 4 P 21/a (Unique axis c)
b Show sections Ortherhembic 14 P2l/c 5 P 21/n (Unique axis <) -
Show isosurfaces Tetraganal -5 Cave I ) e T— v
Surface coloring L
style 3 Transform... | | Customize.. | [Update structure parmeters to keep 30 geametry
@ Smooth shading b
Lattice parameters
Wireframe ) 7 7
Dot surface 2 bA < (&) al) BC) ¥
Gip- |i 1287200 9.37000 7.08500 90.0000 1156200 50.0000
Crystal shapes s 0.00300 0.00200 0.00200 0.0000 0.0200 0.0000
Show shapes
e S T——
@ Unicolor
Custom color [ 0K [ Cancel ][ Apply ]
Wireframe Number of polygons
270 atems, 278 bonds, 0 polyhedra; CBU time = & ms o
. 2
o . ~ | Output | Summary | Comment
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VESTA | Creating models

* 1. Remove symmetry

Additional lattice point(s) are included in the new unit-cell  [BES

How to convert the structure?

positioTE T s ofwyr ions

e 2. Create a supercell, e.g. 2x2x2

& para.cif - VESTA

- — "
Eile EtY i Cel Transformation =)'}
a b Seot:0
. Transformation matrix The new basis vecters ', b', ¢’ are related to the basis vectors 3, b, c by "
R [Tog Otation matrix P Origin shift p d b c)=la b clP
5t ; \
[ 0.000000 ‘ [Pu P Py .
I b.000000 =la boc)|Py Fy Py |—‘
[ \Pn P Py P
0000000 =(Pya+FybiPye.

Ppa+Pyb+Pye ) [

No.  Setting =
Initialize current matrix A shift of origin is defined by the shift vector

PhSOo®

1 P1
p=patpbipc 2 Al E
[/] Normalize the range of fractional coordinates 3 B1
Vi 4 c1
j o s n !
| < [ ] r
BN T -
Style 1 Transfors stomizt [Update structure parameters to keep 3D geometry
® Smooth shading b .
Lattice parameters
ireframe . . .
Dot surface 2 k) ) <) ar) B Ve
[ 1287200 9.37000 7.08500 90.0000 115.6200 90,0000
Crystal shapes s 0.00300 0.00200 0.00200 0.0000 0.0200 0.0000

Show shapes

@ Unicolor
Custom color ok | concel |[  Apply
Wireframe Number of polygons
120 atoms, 102 bonds, 0 polyhedra; CPU time = & ms =~
B -
omae. I Asmmie 1 ™| Output | Summary | Comment
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VESTA | Creating models

* 1. Remove symmetry
e 2. Create a supercell, e.g. 2x2x2
* 3. Select and delete atoms that you don’t want

4o para.cif - VESTA = | B S
File Edit View Objects Utilities Help

a b cab @t E > S o
k Tools | Style | Objects para.cif

Structural models

@ o Step(px: 10 o == o] Step () 10

e
P

I
J

Show models
[ Show dot surface

Style
@ Ball-and-stick
() Space-filling
) Polyhedral

@) Wireframe
(@) Stick

Volumetric data

Show sections

PRS0 ()

Show isosurfaces
Surface coloring

Style
@ Smooth shading b

m

Wireframe

Dot surface

Crystal shapes
Show shapes
Style

@ Unicolor

Custom color

Wireframe Nurber of polygons and unigue vertices on isosurface = 0 (0)
1324 atoms, 132% bonds, 0 polyhedra; CPU time = 45 ms

e 2

Dmimdams ~ | Output | Summary | Comment

Press "Del” to delete selected objects, "Esc” to reset deleted objects.

| a1 diamond




VESTA | Creating models

e 4, Export to .xtl format to just export the visible atoms
* 5. Open the .xtl format file in VESTA
* 6. Export to .cif format to use in other software

&+ para.cif - VESTA SNACE X
Edit View Objects Utilities Help
EDEIUEL CeN | g o A P Step(: 450 B § 4m oud Step(pd: 10 o == O] Step(3): 10
MNew Window
lpara.cif

Open... Ctrl+0

Open Recent

ave t
+Shi
a
ort Raster Image.
ort Vector Image.
ave Output
ose trl+
EXit Ctrl-Q »
Show isosurface
Surface coloring
Style
@ Smooth shading b
Wireframe i
Dot surface
G—P- a
Crystal shapes
Show shapes
Style
@ Unicolor
Custom color
Wireframe Numbe: aqu [
1324
......... Aricmbatine ~ | Output | Summary | Comment
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Real-space refinement
methods using PDFgui
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PDFgul

* A graphical interface for the full-profile fitting of the atomic pair distribution function

* Available at http://www.diffpy.org/products/pdfgui.html

"% temo full.ddp (=/ProgrammingPyre/d Plot[#4] x{13) T=heix)
Ela Edt View Fis £hases Data Calova B : ¥(13) s

Q@ L
71| Configure !_C:J

4 diamond


http://www.diffpy.org/products/pdfgui.html

PDFgul

* PDFgui can calculate and refine model systems (< 1000) atoms.
* full-profile least squares approach

e minimises the difference between the observed PDF and the PDF calculated from a model
by refining set parameters

® =) WGP — G(r)flcy?
2

* Aresidual factor can be determined using:

o _ [ZwiGET — GEry?
y S wi(GT)?

lower residual = better fit of model to data

diamond



PDFgul

Data set parameters:
Set (or calibrated) parameters:
Refinement range
Q,,.,: data range used for the Fourier transform step = G(r)
Qgamp: iNstrument resolution Gaussian dampening envelope (A1)
Q,,..4: Peak broadening due to increased noise at high Q

Refineable parameters: dscale: data set scale parameter

Model parameters:
Refined parameters:

pscale: scale factor (do not refine this and dscale!)

lattice parameters: a, b, c, a, B, v

For each atom:
fractional coordinates, X, y, x
occupancy
Atomic displacement parameters

Possible to refine these parameters within the symmetry of the crystal
structure if required

diamond



PDFgul

Peak width parameters:
Nearest neighbour peaks are sharpened due to correlated motion:

!
.= O — 21 _ = _02 2.,
0ij Oij \/1 Tij r2.. Q broad! ij

Refined parameters

deltal: 1/r contribution to peak sharpening (high temperature)
delta2: 1/r? contribution to the peak sharpening (low temperature)
Sratio: peak width reduction for correlated motion, to a radius of rcut

Size parameters:
Refined parameters
spdiameter: particle diameter for PDF shape damping function
stepcut: r-value above which the PDF is truncated to zero
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Using PDFgul

e Available at http://www.diffpy.org/products/pdfgui.html

! .I I I | I L= le =]
File Edit View Fits Phases Data Calculation;

Structg

s PDFgui

CE® © 6|

Fit Tree

= B2 Fitl
“"e @ Mi.stru

D dta m Ni-xray.gr

Fit tree

F Parameters | Results

Initial | Fixed | Refined |

1 0031 [ |00685035575735
|10 352 |[] 353160650516
11 10 ([ |0758924807145
1101 00025 [0 0.00512386823076

Current active tab

i Plot [1] Ni-xray.gr: G

Plot window

==

offset -5

Plot | [ Reset

POFfit2 Output

Refinement parameters :
1: 0.068504 10: 3.531&07 11:

chisg.: 30843.2 red.chisg.: 15.8333

FINAL

(200 +- @cwm

X

x = 6.4818, y = 13.6587

Apply parameters

Rw: 0.0963343 stagnating

Refinement parameters :
1: 0.068504 10: 3.531607 11:

chisg.: 30843.2 red.chisg.: 15.8333

0.758925  101: 0.005124 Output

Rw: 0.0963343
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http://www.diffpy.org/products/pdfgui.html

Using PDFgui to calculate a PDF

e Structures can be added from a .cif file, or from input by hand

% PDFgui
File Edit View Fits Phases Data ¢

CE® Sal _Help

Fit Tree

E R : xl Configure | Constraints | Results”

New Fit Phase Configuration
Copy a 352 b 352 ¢ 352
Paste alpha 90.0 beta 90.0 gamma 90.0

Paste Linked Fit
Scale Facter 1.0

Delete deltal 0.0 deltaz 0.0 spdiameter 0.0

io 10 00 00
Insert Phase sratio reut stepcut

Insert Data Set

Included Pairs  all-all

Insert Calculation

elem x |y |z | wll | w22 | w33 wl2|uwl3d w23 occ

Tt Cortrol = 1/Ni 00 00 00 00025 00025 00025 00 00 00 10
X 2|Ni 00 05 05 00025 00025 00025 00 00 00 10
3|/Ni 05 00 05 00025 00025 00025 00 00 00 10
sen b 4|Ni 05 05 00 00025 00025 0.0025 00 00 00 (1.0
¥
offset -5
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Using PDFgui to calculate a PDF

]
1. Right click on fit = insert calculation e
2. Add calculation configuration parameters

PDFgui
Edit  View

ODE® S

Fit Tree

Fits Phases Data

|

% PDFgui |
File Edit View Fits Phases Data Calculations Help 1
CE® © el
Fit Tree X
- EF Fiel Calculation Configuration
@Ni.stru
m Mi-xray.gr Scatterer Type
= E Fit 2 ) Neutron @) X-ray
@ CdSe-wurtzite.stru
M1} Calculation 1] Range 01 to 200
Scale Factor 1.0 Qmax 400
Qdamp 0068 Qbroad 0.0

Plnt Contral W

Copy
Paste
Paste Linked Fit
Delete

Insert Phase
Insert Data Set

Insert Calculation

spacing 001
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sing PDFgui to calculate a PDF

Select atom pairs

& PDFgui
File Edit View Fits Phases Data Calculations Help
O B&E ||0 L]
Tl \ X | Configure ConstraintisesuIts
o B Rt [Relement[indexUrkange[allj-['J{element[indexUrkangeall]
I Nistru Phase Configuratjon | Examples: -
[ Ni-xray.gr all-all all possible pairs
Fit 2 .
BEEJ e urtsio a 43 ¢ 701 6 Na-Na only Na-Na pairs
s : [l ) :
m Calculation 1 alpha 90.0 gamma 1200 3 all-all, Na all pairs except Na-Na
k all-all, -!Na same as previous
Scale Factor 1.0 1 Na-1:4 pairs of Na and first 4 atoms
3 5 IC]-! : ini
deltal |00 deliaz |00 spdiameter 00 all-all, !CI-!Cl  exclude any pairs containing Cl
all-all, !Cl-, -!Cl same as previous
sratic 1.0 reut 0.0 stepcut 0.0 A . -
1-all only pairs including the first atom
Included PairE
calculation wom] % e Lz Toaa Lo L L ealazalomel || 1rctuded Paire | Ca-Se
.I ) .
TS < | |1lcd 03334| ZJPlot[2] Calculation1: 6
X 2/Cd 06666 ) =
3lse  |0333 . Calculatllon 1.6 .
step - 4ls 06666 — Gealc
e ol [= Gealc]|
¥
3t
offset -5
POF2 Output g Uy 1 2
r
-9.245 18.49 (0.0042) .
0 0 ﬁ\ OO0 4+ "B & X x=10.0063, y= 452420 51

Recip. lat. parameters :0.268535 (0.0002)

0.268535 (0.0002) 0.142653 (9.3e-003)
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Using PDFgui to calculate a PDF

% roFgui
File Edit View Fits Phases Data Calculations Help
CE® S
Fit Tree x
= B Fit1
@ Mi.stru
Ni-xray.gr Scatterer Type
= ] Fit 2 @ Neut @ X-
@ CdSe-wurtzite.stru - melmn S ey
L)) all-all . . 01 200 0.01
aE'ﬂFiﬂ_cnpy nghllght
. 1.0 40.0
@ CdSe-wurtzite.stru .
Cd-5e Ca|CU|atI0nS 0.068 0.0
=] E'ﬂ Fit 2_copy2 .
Comenn | OFInterest, | EEGER et
=] E'ﬂ Fi2_cnpy3 preSS plOt .
@ CdSe-wurtzite.stru T T - I
Ce-Se — Fit 2/all-all: Gealc
L2 4+ — Fit 2_copy/Cd-Se: Gealc |4
— Fit 2_copy2/Cd-Cd: Gealc
o x 3l — Fit 2_copy3/Se-Se: Gealc |
X
r - 20
¥ i 1t
Gealc
0
1|
2|
offset -0 .
@ 0 o + = "f' & X x= 454079, y = -2.00345 .
Export plot data j dlamond

Plat ] [ Reset

Figure-or-datacanbe exported



Using PDFgui for a refinement

e Structures can be added from a .cif file, or from input by hand

% PDFgui

File Edit View Fits

CE® S &

Fit Tree

Phases ;

Help

E:Eﬂm

Mew Fit

Copy
Paste

Paste Linked Fit
Delete

Insert Phase
Insert Data Set

Insert Calculation

A

Configure | Constraints | Results”

"Piot Control

step

offset

-5

Phase Configuration

a 3.52 b 352
alpha 20.0 beta 90.0

Scale Factor 1.0
deltal 0.0 deltaz 0.0

sratio 1.0 rcut 0.0

Included Pairs  all-all

elem x |y |z | wll | w22 w33

Mi 0.0 00 00 (00025 00025 0.0025
Ni 0.0 05 05 00025 00025 0.0025
Mi 0.5 00 05 |0.0025 00025 0.0025
Mi 0.5 05 00 |0.0025 00025 0.0025

ERRT RN SR

c

3.52

gamma 90.0

spdiameter 0.0

stepcut 0.0

wl2 | ul3 w23 | occ

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

1.0
1.0
1.0
1.0
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Using PDFgui for a refinement

* Add parameters for refinement using “@number”

Right click 2
insert data set
(can add multiple,
e.g. X-ray and
neutron)

& PDFgui
File Edit View Fits Phases Data Calculations Help
CEE © 6|
Fit Tree x
= = Fitl
& New Fit
Copy
Paste
Paste Linked Fit
Delete

Insert Phase

Insert Data Set

7 |

‘ Configul

,-E‘ Constraints |Results|

BNl =

Piot Control

step

lat(1)
lat(2)
lat(3)

ull(l)
ull(2)

offset -5

Plot

| [ Reset

PDFfit2 Qutput

Phase Constraints

a| @10 b @10 ¢ @10

Add parameters for

alpha

TTATTIIT

cale Factor @11

. Scale’factor ™™

Included Pairs  all-all

elem x y z| wll w22 | w33 |wl2 wl3 w23 occ

1 Ni
2 Ni
3 Ni
4 [Ni

@101 @101 @101
@101 @101 @101
@101 @101 @101
@101 @101 @101

refinement by
“@number”

Positions, occupancies,
atomic displacement
parameters
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Using PDFgui for a refinement

Phase Constraints

a @10 b @10 c @10

alpha beta gamma

Scale Factor @11
deltal delta2 spdiamet

cratio

i all-all
Included Pairs & PDFgui

File Edit View Fits Phases Data Calculations Help

elem | x| y|z| wll | w22 | w33 uwl?|wl3d w23 occ CE® o™

. FitTree X onfigure | Constraints | Results
ni | W @101 @101 @101 St o poh
||| &=

1
5 = @ Fit1 Space Group Constraints

2 |Ni ... @01 | @101 @101 @ Space Group Constraints IntS

3ni | R eho1 @101 @101 ferrmerEan

4 |Ni M0l Space Group | [Fns=l - b B0 <o

Symmetry constraints... 2 gamma
. A Origin Offset 0.0 0.0 0.0
H Igh I Ight Select atoms... [#] constrain positions
t CUP)" [¥] constrain temperature factors delta2 spdiameter

parameters, ™ o | [ o

right Click Tncluded Pairs _ al-alm

elem x y z wull w22 | w33 wl2 ul3 w23 occ

Thermal i S
parameters and v

temperature

factors can be

constrained by
the space group o diamond




Using PDFgui for a refinement

* Data Set configuration: set range, and Qq,,,,

& PDFgui
File Edit View Fits Phases Data

CE® e

Fit Tree

Calculations  Help

X

= B Fitt
@ Mi.stru
m Ni-xray.gr

Plot Control
X

step

Y

Geale
Gdiff
Gobs
Gtrunc
crw
dGealc

mn

offset -5

PDFfit2 Output

Configure Constramtsl Results

[E=E

Data Set Configuration

Scatterer Type

() Neutron @) X-ray

Data Sampling

@ Data ) Nyquist () Custom

Define range

Fit Rangd 0.5 to 200 spacing _
Scale Facts 10 Qmax 400
Qdamp | 0.031 Qbroad 0.0

Doping 00

Set initial value to ~ 0.06

Temperature 300

~~ diamond



Using PDFgui for a refinement

* PDFGui can calculate and refine model systems (< 1000) atoms.

Your parameters
can be plotted
individually

# rDFgui

File Edit View F

CE® Sl

Fit Tree

c Data Calculations Help

% || Parameters | Results

A
= ] Fit1 v
Tl Nistru
m Ni-xray.gr

Initial | Fixed

Shows plot

Refined

1 0031 [ 0.0685035575735
10 352 [] 3.53160650516
11 1.0 = 0758024807145
101 |0.0025 [ 0.00512386823076

Refined values

Plot Control

7| Plot [1] Ni-xray.gr: G

step

Ni-xray.gr: G

= lFe s

@1
@10
@11
@101

offset -5

Plot ] [ Reset

PDFfit2 Output

Refinement parameters :

1: 0.068504 10z

chisg.: 30843.2 red.chisg.: 15.8333 Bw: 0.0963343 stagnating

3.531607 11:  qf

P00+ B&@

10 15
r
X x = 64818, y = 13.6587

Apply parameters

FINAL

1: 0.068504 10z

Refinement parameters :

3.531607 11: 0.758%325 101: 0.005124

chisg.: 30843.2 red.chisg.: 15.8333 Bw: 0.0963343

Final results

b
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Using PDFgui for a refinement

* Highlight the refined values = right click = copy refined to initial

& PDFgui == e
File Edit View Fits Phases Data Calculations Help
CE® S|
Fit Tree X | Parameters | Results
= HE e i
@ Ni.stru Initial | Fixed Refined
T Mi-xray.gr 1 0031 [
10 352 [
11 10 [ Fine / Free
101 00025 [] Copy Refined To Initial
Rename Parameters
Plot Control X
X
step
Y
@1
@10
@11
@101
w
offset -5
Plot ] [ Reset Apply parameters
POFfit2 Output x

005124

Also possible: —
* Multiphase refinements
* Macros for temperature/doping series

 X-ray + neutron data ; diamond

005124




A generic PDFgui refinement recipe

1. Unit cell and pscale
2. Atomic displacement parameters
(2a Qg for CeO, or Ni standard only — instrument resolution)

3. deltal / delta2 / sratio — one only

4. Atomic positions
5. spdiameter (if nanoparticle)
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THINGS TO ADD

Types of refinement
Unit cell

Extended unit cell / alternative symmetry
Box-car refinement

60 diamond



Conclusions

1. Model-independent analyses

- Peak position <~ atom-atom distance

- Peak-picking, trends and observations can give
information about processes

- Differential PDF analysis increases sensitivity to
particular species

- Principal component analysis and NMF can help identify
phases in the system

2. Creating and interrogating simple models
- VESTA is a free and useful tool
3. Using real-space refinement methods (PDFGui)

- Extract structural information from fit (refinement)
- Compare different models to the data

- Calculate model PDFs for pairs of atoms .
diamond
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