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‘%‘ Teachers, tutors, tutorials
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« Jeremy Cockcroft, UCL

* Robert Dinnebier, Max Planck Stuttgart

« John Evans, Durham Chemistry

 Andy Fitch, ESRF Tutorials etc

* Arnt Kern, Bruker E] E]
«  Emma McCabe, Durham Physics I ) L RNCES

« Anders Baek Borup, Aarhus ‘f
«  Sam Thompson, Aarhus S L

 Esther Curtis, Durham
» George Marshall, Durham
* Oliver Wagstaff, Durham [typo apology.....]

topas.webspace.durham.ac.uk/rietveld _school tutorials/

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



» Teachers/tutors for their time

* Sponsors for cash

« Alan Coelho/Bruker for TOPAS software
« Bob von Dreele/Brian Toby for GSAS-II
« Juan Rodriguez-Carvajal for FullProf
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% Welcome formalities

O
4

» Health and Safety/Fire procedures

 We have a plan for the week, but tell us if there are things you'd like covered — special topics on
the final morning?

* e.g. use the pre-course questionnaire for this

« Make use of the experts who will be here for the school

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/
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« By using CIS account you're agreeing to University policy on use of the internet

* You each have your own login id. Don’t change the password!!!
« Password: Ws1Q84PLmb42!

« TOPAS controlled by license server “codemeter” which is installed on your CIS computer
« TOPAS license is time-limited

e All timetabled sessions are compulsory

« Always wear a name badge

* No email during lectures/classes (teachers behind you!)
* Phones to silent

« Please don’t record lectures

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/
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House keeping/arrangements

Morning sessions will be lectures/small group tutorials in Calman Learning Centre 406/407
Afternoon sessions will be in computer classrooms near Chemistry — CG66 and CG68
Most lunches in Calman Learning Centre

Most dinners in Collingwood college

Evening events in Collingwood, Durham City and Castle

Lalcia)
ience North Lodge
culty Visitor Reception A Genera

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/
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The school isn’'t meant to be.....

How to use TOPAS
How to use GSAS-II
How to use FullProf

Linear in its organisation

3 days of theory lectures + 1 day hands-on = bad
Sometimes you’ll be doing problems “blind” — trust us!
Some practicals will come before the relevant theory
There 1S value in plugging numbers into equations!
You'll learn by mistakes

Confusion can be good

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



= The school is meant to.....

* Provide understanding of how to think when collecting (powder) diffraction data
* Provide understanding of what Rietveld packages are doing

« Allow you to practice Rietveld refinement
— Different instruments
— Different sample types
— Different problems
« Teach you to be critical/creative
— How far you can push data?
— When you should start to be suspicious?
— How to spot problems
— How to do novel types of analysis
* Be interactive and supportive
— Don’t worry if (when) you don't finish all problems, nobody every has

— Don’t worry if you don’t understand everything in lectures, there’s time in tutorials and hands-on
exercises to talk to teachers one-to-one

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/
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Approximate timetable — special topics requests?

Sunday 12/4/26 Monday 13/4/26 Tuesday 14/4/26 Weds 15/4/26 Thursday 16/4/26
) 3. Intro to (powder) 9. Structure factors, 16. Peak shapes & 22, Q&A/special
09:00 diffraction P del microstructure topies
Rietveld refinement op!
o 17. Restraints, 23. Multiple data sets,
09:45 4 pei:; Up;;mﬂ"s = De::;;ﬂ;actlcn constraints & rigid structure solution,
bodies other software
11:00 Caoffes Coffes Coffes Coffes
5. Least squares 11. Synchrotrons & 18. Intro to
lecture neutrons GSAS/Fullprof
11:30 - 24. Spot the errors
6. Least squares 12. Tutorials on 19. Tutorials on
tutorial morning topics morning topics.
13:00 Lunch Lunch Lunch Lunch
14.00 onwards 13. Interactive 1
20. Rietveld problems
Registration in 7. Least squares Rietveld /Software g 'r'c;ar; eak
- tutorlal — excel (lines, pinical p
13:45 Collingwood College = S - intro shapes,
15:15 Welcome/lnt 'Et"lrﬁdé;.’s ?an 14. Rietveld problems | microstructure, fund'l
. A 9 - simple parameters
15:45 1. Symmetry Tea Tea Tea
16:15 | 2. Symmetry tutorial | S Peak fitting and e Efﬁfﬂﬁ psmnb.!ﬁm 21-‘?‘:;‘::::'2?‘?;&'“
: ; & indexing combin e"; ’ bodies, combined,
structure solution
18:00 Rest time Dinner - Chemistry
Dinner = Callingwood Beautification time
18:30
Dinner — Collingwood “Fun” {
19:00 g 'TILI‘“ T;‘“L'f'. ’ 19:00 Castle bar
- 19.00 Symmetry (you TB'E EATSIREE opens
tutorial clothes) PP
) . ] choo
19:30 School Quiz Banquet, Castle
| Key: | Computer exercise Lecture Social By-hand tutorial

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/




Counts
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Powder diffraction / Whole Pattern Powder Fitting
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“Rietveld refinement in Excel”,
Evans and Evans, J. Chem.
Educ., 2021, 98, 495-505

16,000
14,000
12,0001
10,000/
8,000
6,000
4,000
2,000+

0

(2,2,2)

<«— 3. Shape/fwhm: instrument \A/
: 0

Observed
Calculated
Difference

and sample contributions 2

1. 20 position: unit cell
size and shape and
instrument calibration

2. Intensity: atom
type and positions 4 . v
in unit cell.... X 4, 4, 0)
....and/or how T
much of a phase 28.8 29 29.2
is present 2Th Degrees
2,1, 1)
"
ﬁ . ,ﬁ ™ J& 4 ﬁ A JL A
20 25 30 35 40 45 50

2Th Degrees

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



A
N

Counts
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Powder diffraction / Whole Pattern Powder Fitting

“Rietveld refinement in Excel”,
Evans and Evans, J. Chem.
Educ., 2021, 98, 495-505

16,000
14,000
12,0001
10,000/
8,000
6,000
4,000
2,000+

Counts
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between Bragg peaks

22
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% School resources
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» Booklet contains lecture slides, classroom problems e |8

Robert E. Dinnebier, Andreas Leineweber,

« Other files linked from main tutorial page RIETVELD
- RCYEICE P!stsl mchcu:rl:mn ANALYSIS
» Sharepoint folder: for_students i

— school _documents: booklet, colour pdf of slides, etc
— school _resources: Rietveld book, neutron chapter, notes, etc

* Answers to problems after school

v @ school_documents - OneDrive X+ - o x ~ @ schoolresources - OneDrive X + - o x

R P & " v 2id=% . 4 -~
< G @ % duhamuniversity-mysharepointcom/my?id=d62Fpersonal®2Fdchljse durha.. 5 % & g O @ € C R e e e B O
88 B veN & ChatGPT @ add @ visDurnam @ Mail G Google # Google Scholar @ ISODISTORT » B8 | E VPN @ ChatGPT @ addre @ visDurham @ Msil G Google # Google Scholar @ ISODISTORT »

Tu to rIaIS etC L Download Fsotvy =~ Details 4 Download Fame = Details

1o} > Documents > rietveld school 2026 shared > for students > school documents & & = > Documents > rietveld_school 2026 _shared > for_students > school resources & &
@ - o - - 0]
[ B Name * Modified ~ Modified By ~ Filesize ~  Activity i8] O Namer ~ Modified Modified By ~ File ...~
& - = 2| “01_neutrons-diffraction_15_cover pdf R Yesterday EVANS, JOHN'S.  3.59 MB
& 2| 09KCIntensity 20.. 2 & March 28 EVANS, JOHN S. 126 MB fad B
o . Z| Distortion RietveldSchool D1.pdf ¥ January 17 EVANS, JOHN'S. 917 KB
U] 2 10_eem_xrpd_data_.. 2 g March 25 EVANS, JOHN S. 165 MB -
. - " Z|  Parametric_RietveldSchool 01.pdf ® January 17 EVANS,JOHN'S. 789 KB
O Z| 11AndySync.. X g - March 28 EVANS, JOHN 5. 10.6 MB
1 & - I & | point group_assignment.pdf % November 2! EVANS, JOHNS. 727 MB
2| 13.25 jsoe softwar.. X g March 28 EVANS, JOHN S. 6.06 MB B
| Rietveld Refinement Practical Powder Diffraction Pattem ... 5 October 1,2020  EVANS, JOHNS. 618 MB
=] 2| allslides_2026pdf g March 28 EVANS, JOHN S 255 M8 | B
- | WPPF RietveldSchool 01.pdf ¥ January 17 EVANS, JOHN'S. 740 KB
2| all slides_2026-DW-... 2 g March 28 EVANS, JOHN S. 255M8 —
o Z|  booklet_students.2... Wednesday at EVANS, JOHN S. 319 M8 a

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



Actions, questions, group bonding
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e Homework

— Complete the pre-course questionnaire

— Complete the “Session 0: Matrix Homework™ questions in booklet (10 minutes?)

— Matrix reminders on P79 of booklet

 Questions?

* Group introductions

Tutorials etc

Questionnaire

My research
is on
My home town ferroelectrics

is Wagga
Wagga My university
is Durham
| work at
the ESRF

)

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



Session 1: Crystallographic

Symmetry

Jeremy Karl Cockcroft
Department of Chemistry, UCL



Why bother?

To describe crystal structures

> Simplifies the description, e.g. NaCl structure

» Requires coordinates of just 2 ions + space group symmetry
to describe a crystal made up of trillions of ions!

To solve crystal structures

> Relate diffraction (reciprocal-space) symmetry to
crystal (real-space) symmetry

To relate crystal structures
» Phase transitions

To index a powder pattern
» Exploit symmetry of the unit cell



Types of Symmetry

* Rotational symmetry about a line

* Rotary-inversion symmetry about a line
* Translational symmetry

* Screw symmeftry

* Glide symmetry



Rotational Symmetry

- Rotation anticlockwise 360° / n
»Symbols: 1,2, 3,4, 6




Symmetry Operators

* Need to distinguish between symmetry
elements, symmetry operators, &
coordinates

) :-#“
/ \o(“""’y’f—-) O _\e(,ﬁc,y,;)
¢ b X ¢ »X




Symmetry Operators

» Advantage of non-orthogonal axes




Symmetry Operators

+ Off-centre (non-origin) axes

Y
A




Rotary-inversion Symmetry

»+ Rotation anticlockwise 360° / n +
Inversion
»Symbols: -1, -2, -3, -4, -6
»written with bar  above digit
»n=1

» enan‘riomorphs




Mirror Symmetry

* Rotary-inversion axis with n = 2




Higher-order Rotary-inversion

+ Staggered v. eclipsed C,H, -3 and -6

10



Translation Symmetry

11



Translation Symmetry
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Unit Cell & Lattices

» Define unit cell (6 parameters)

* Lattice obtained by adding unit
translations in x, y, and z

13
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Coordinate Systems

» Cartesian: X, Y, Z
r=Xi+Yj+Zk

* Fractional real space: X, Y, Z
r=xa+ yb +ZC

» Integer reciprocal space: 7, k, !
r* = ha* + kb* + Ic*

15



7 Crystal Systems

» Combination of rotational (or rotary-

inversion) symmetry with a lattice

4 Triclinic
Monoclinic
Orthorhombic
Tetragonal

Trigonal

Hexagonal
Cubic

1-fold
2-fold
2-fold
4-fold
3-fold
6-fold
3-fold

16



» Combination of 7 crystal systems with

14 Bravais Lattices

lattice centring operation
»P,A,B,C,I,F,R

/(‘:H

17



Screw Symmetry

» Combination of rotational symmetry
with translational: n, (360°/n R + m/n T)

» Enables efficient packing of atoms/molecules




Helical Symmetry e.g. 3; v. 3,

(s
(s

* Others 4, and 44, 6, and 65, 6, and 6,
»Note 2;, 4,, 65 are not helical

19



Glide Symmetry

+ Combination of 2-fold rotary-inversion
(m) with translation: a, b, ¢, n, d

> Also enables efficient packing of atoms/molecules




Symmetry Symbols

* Planes pamllel ’ro ’rhe screen plane
a+b

\\TVVT

* Planes perpendicular to the screen plane

21



Symmetry Symbols

+ Axes perpendicular to the plane




Symmetry Symbols

+ Axes parallel or inclined to the plane of
the screen

2 2, 2 2
> — -6 -—g—

3 3, 3,

XK K

4 4, 4, 4,

23



Point Groups

* Local symmetry at a point in space

» Combination of rotation and rotary-
inversion axes to form a mathematical
group
»Onlyusel, 2,3,4,6and -1,-2,-3, -4, -6
» 32 crystallographic point groups
» 11 centrosymmetric

<+ Diffraction symmetry
“Laue classes

24



Point Groups

+ 11 centrosymmetric point groups
-1 2/m mmm 4/m 4/mmm

-3 -3m 6/m 6/mmm m-3 m-3m

» 11 enantiomorphic point groups
» Rotation axes only
1 2 222 4 422 3 32 6 622 23 432

* 10 polar point groups
» Leave more than one common point unchanged
1 2 m mm2 44mm 3 3m 6 6bmm

25



Example

+ Combination of m,, m,, and 2, gives mm?2

26



Molecular Symmetry

* May be higher than crystallographic
point group symmetry e.qg. C,,
»Point group 5 -3 2/m

27



Diffraction Symmetry

- e.g. 2/m

.
aj :
é—c -
. .

2l
il
hot
htl |

h2l
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Optical Demonstration

* Not practical o show in 3D, but easy to
show in 2D using diffraction from simple
"wall paper patterns” (17 possibilities)

»Objects photographically reduced to pm
size on 35 mm slides

»Similar in size scale to red or green laser
light
» Expect optical diffraction to occur

“*Recall school experiment where a 1D set of parallel
slits -> 1D set of spots with “orders” of diffraction

29



The 17 Two-Dimensional (Plane) Groups

(No.1) 2 (No.2) m (No.3)
(No.4) (No.5)

p4mm (No.11) pd4gm (No.12)

p2mm (No.6) p3 (No.13)  p3m1 (No.14) p31m (No.15)

p2mg (No.7) c2mm (No.9) p6 (No.16) p6mm (No.17)



Diffraction Symmetry of the 17 Plane Groups

.................

--------------

p2mg (No.7)  p2gg (No.8) c¢2mm (No.9)

..............

...................

p4 (No.10)  p4mm (No.11) pd4gm (No.12)

Enoonmnoom

p3 (No.13)  p3m1 (No.14) p31m (No.15)

RIS

p6 (No.16) p6mm (No.17)
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Diffraction Symmetry



Optical Demonstration

* Note the following points:

»Inversion symmetry is added during the
process of diffraction

» Not exact as object itself has no inversion
symmetry but very close to centre of symmetry
»Diffraction space unit cell vectors are in a
different direction to real space ones when
angle is non 90° .

a*

34
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Optical Demonstration

* Note the following point:

» Translational symmetry along a line leads to
missing intensity spots in a systematic
manner along a line in diffraction space

37






Optical Demonstration

* Note the following point:

» Translational symmetry in two dimensions
leads to missing intensity spots ina
systematic manner in a plane in a
diffraction space

39
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Optical Demonstration

* Note the following point:

»3-fold symmetry gives many problems in
crystallography especially with powder
diffraction as it can look like 6-fold
symmetry

42



Diffraction Symmetry

+ Crystalline objects diffract

> Symmetry relationship between crystal
("real”) space with 3D symmetry across all
space and diffraction ("reciprocal”) space
with 3D symmetry at a point (h,k,/ = 0,0,0)
» Not a 1:1 relationship!

» Are diffracting objects (i.e. ones that

produce sharp spots) crystalline?

43



Reflection Multiplicity

+ Single-crystal diffraction
> Individual reflections measured

- Powder diffraction

»Reflections related by point group
symmetry are superimposed

»Multiplicity (J) is the number of symmetry
equivalent reflections
» Depends on diffraction symmetry

» Depends on class of reflection
“*Most programs can calculate it

44



Space Groups

+ Combination of symmetry elements to
form a mathematical group

» All must contain at least the identity (1)
operation plus the unit translations:

» 1(1,0,0), 1(0,1,0), (0,0,1)
“"Mother of All Space Groups" is P1

+ 230 combinations
»Classified by crystal system & crystal class

45



Crystal Class

» Point group derived from a space group
by setting all the translation
components of the symmetry operators
To zero

>eq.2;—2,a—m, ..
* Crystal class + Inversion symmetry
— Diffraction symmetry

46



Space Group Diagrams

Pnma P2/n2/m?2/a mmm No. 62 %
y y ; y -ﬂaﬂq
O ®* 1 x,y,z2
- PR R ’
, O , O 2 5-X, 5+, 3 +2
T~ T ~3 3 x %—y,z
, 1 - | 1
! @2"" I O 4E+x’)-’i_z
LEE S B ’
@ . o 5X%79V.2
- 5 : ~3 6 3+X 53— 52
O+ | @%‘| 7f%+)-‘,2
o ’ ——0 ’ o (
O ® 8 3—X,¥,53+Z

b
A
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Special Positions

* Points in space where the symmetry is

higher than 1

>€.9. SFé

48
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Si-l'

Asymmetric Units

O o)

1
Si-l'
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1
Si-l'

Asymmetric Units

O o)

1
Si-l'
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Asymmetric Units

O+

51



Asymmetric Units

+ Space occupied by molecule can be used!

52



Triclinic Space Groups

Sl
L
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Monoclinic Space Groups

Sl
L

B
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Space Group Determination

* Geometrical implications, e.g.
»atbtc,a#B#y#90° — triclinic
»azb#c,a=y=90° B#90° — monoclinic
»a#b#c,a=p=y=90° — orthorhombic
»a=b#c,a=p=y=90° — tetragonal
»a=b=c,o=pf=7y=90° — cubic

+ Beware of experimental error
»Symmetry may be lower than expected
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Systematic Absences

* Random v. systematic zero intensity
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Systematic Absences

* Random v. systematic zero intensity

»1(h00) = O when i = 2n + 1 (i.e. h odd)
» Reflection Conditions
>1(h00) 2 O when 4 = 2n (i.e. h even)

S7



Centred Lattices

* Reciprocal Space v. Real Space



Centred Lattices

* Reciprocal Space v. Real Space



Centred Lattices

» Translation in 3 dimensions gives rise to
reflection condition in 3 dimensions

™~ O A

none

X, /21y, otz
Votx, y, otz
Vatx, oty z
Vatx, Voty, Yotz
=A+B+C

none

hkl: k+[=2n
hkl: h +1=2n
hkl: h + k=2n
hkl: h+k+1[=2n

hikl: h +k=2n,h+1[=2n,
& h+k=2n
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Translation Along an Axis
* No translation, e.g. 2 axis

- No reflection condition

61



Translation Along an Axis
» With translation, e.g. 2; axis

- Reflection condition 00/ [ = 2n
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Screw Axes

» Translation in 1 dimension gives rise to
reflection conditions in 1 dimension:

2, (x) h00: h=2n; (v) 0kO: k=2n; (z) 00/: [=2n
3,0r3,(z) 00 /=3n
4, 0r4;(z)00L:/=4n; 4,(z) 00/: [ =2n
6, 0r 6 (z) 00/: [=6n;6,0r6,(2)00/:/=3n;
6, (z) 007: [ =2n

63



Glide Planes

* Translational component gives rise fo
reflection condmons ina dlffmc'rlon
plane ' ' - D

- Reflection condition #0/: [ = 2n
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Glide Planes

» Translation in 2 dimensions gives rise to
reflection conditions in 2 dimensions:

X % z
a N/A hol: h=2n hkO: h=2n
b Okl: k= 2n N/A hkQ: k=2n
C Okl: [=2n  hOl: [=2n N/A
n
d

Okl: k+1=2n hOl: ht1=2n hk0Q: h+k=2n etc.
0kl: k+1=4n hOl: h+I=4n hkQ: h+k=4n etc.
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Single-Crystal v Powder Diffraction

» Single crystal (3-D data)
» Lattice reflection conditions very obvious

> Glide plane reflection conditions very obvious
> Screw axis reflection conditions often obvious

+ Powder (1-D data)

» Lattice reflection conditions often obvious
» Glide plane reflection conditions less obvious
> Screw axis reflection conditions very tricky
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Space Groups & Standards

- 230 Space Groups for 3 Dimensions

- BUT

» Crystallographer chooses unit cell

» Crystallographer chooses an origin
» Consequence is that many sets of symmetry operators can
represent the same space group

“»Number is finite (but may still be very large) if a sensible
origin is chosen
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Example: Space Group No.7

X, ¥, Z
X, ¥, Z
X, ¥, Z
X, ¥, Z
X, ¥, Z
X, ¥, 2
X, ¥, Z

Xl Y, Z;
Xl Y, Z;

& X, -y, 3+Z

& X, 3-Y, 3+Z
& 3+X,-Y, Z
& X —y F+Z
& +X, +Y, ~Z
& -X, 3+Y, 3+Z
& -X, 3y, Z
%+x,y,%+z:%
1 1

X,-y, z. & X, -y, l+z

3+X,Y, 3+Z #+X, -y, #+Z, & 2+X,-Y, 7

» All have lattice translations plus glide plane
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Need for Standards

» Comparison of crystal structures
»Is ones structure a new structure?

»Differences are easy to spot

»e.qg. if space group number is different then new
structure is obviously different
“*Unless one has made a mistake!

»Similarities may be harder to spot

» The higher the symmetry, the easier it is to
make a comparison since symmetry axes provide
unique directions

“*Hardest with triclinic structures
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Comparison Problems
O o

Q+
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Non-Standard Space Groups

* Why bother with non-standard space

group settings?

»Make comparison of crystal structures in
different space groups easier

»To help solve crystal structures that
change as a result of a phase transition

* Are there lots of non-standard settings

of space groups?

>YES
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Triclinic

(For the enlarged unit cells, click here)

1. P1 2. P-1
Monoclinic
(For a fuller list with alternative unique axes, origins, or enlarged unit cells click here)
3.P121 41201 50121 6.P1ml 7.Plcl
8. Clml 0 Clcl 10.P12/m1  WPL2 /ml 12 c12/ml

13.P12/c1 14P12/cl 15C12/c1

Orthorhombic

(For a tuller List with alternative axes and origing click here)

16 P22 17.P222, 18.P2, 2, 2 19.P2,2,2,  20.C222
21.C222 22.F222 23.1222 412,22, 25 Pmm?2
26. Pmcz, 27.Pcc?2 28. Pma? . Pcaz, 30.Pnc?



3.)P211
4@OP2 11

5.WB211

6. (1) Pmll
T.(0PD11
S.(WAmll
9.10)Bb11
10.()) P2/ mll
11.(1) P 21 fmll

12.()B2/mll
13.()P2/D011
14. (1) P 21 /b11

15. ) B2/b11

X-dX1s uiaque
(@)A4211
()42, 11

(w211 (m)/7211
(myAml1

(W) Pcll () Prll
() Cml1l () Fm 11
() Ccll (m)/h11

A2/ ml1l
(1) A 21 fmll

(W) C2/ml1l (my/72/mll
(WyP2/cll (@)yP2/nll
(1) P 21 fell (m)P 21 /nll

() C2/cll (i)72/b11

(V) F211

(v)4Ab11 (v)Adl1
(v) Fml1l
(v) Fdll

(V) F2/ml1l
(v)4A2/b11 (v)A2/d11
(1v) A4 21 /D11 (v)A?2 ] fdll

V) F2/dl1
73



Non-Standard Space Groups

- Different choice of unit cell vectors

* Origin at different locations

> See space group /4;/a on UCL web pages
» http://pd.chem.ucl.ac.uk/sgp/large/088a. htm

* Use of enlarged unit cells
>eq. F12/d1

* Unacceptable reasons
»Too lazy to convert to standard setting
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Web Info

3-D Symmetry Elements
» hitp://pd.chem.ucl.ac.uk/pdnn/symml/symindex.htm

Point Groups
» hitp://pd.chem.ucl.ac.uk/pdnn/symm?2/indexpnt. htm

Space 6Groups
> hitp://pd.chem.ucl.ac.uk/pdnn/symm3/spgindex. htm

Space-6Group Determination
> hitp://pd.chem.ucl.ac.uk/pdnn/symm4/condex. htm

Space Groups Diagrams & Tables
> hitp://pd.chem.ucl.ac.uk/sgp/

75



Example

Pnma P2/n2/m?2/a mmm No. 62 ﬁg
4 4 . 4 IR
O o 1 x,y,2
o o o ’
i o | ® 2 %—I,%+y,%+z
i~ r r ~i 3 x,%—y,z
i @%+ I O_ 4 %+xaya%_z
Tb ¢ +, 1_, o
@ . o 5X%79V.2
. : “3 6 3+X,5-Y, 32
o | @%‘| 7f,%+y,f
o ’ 0 ’ —0 ) o
Ok ® 8 3-X ), 3 +2

b
I
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Session 3: Introduction to (powder) diffraction

Dr Emma E. McCabe

Durham University, Department of Physics
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Lecture Contents

Diffraction

Bragg’s Law and Laue equations
Reciprocal lattice

Ewald construction

Atomic scattering factor

Information in a powder pattern

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



% Historical background

0
v

« 1895: Rontgen discovers X-rays

« 1912: von Laue discovers X-ray diffraction on crystals

« 1913: Bragg & Bragg discover structure analysis by XRD
* 1916: Debye & Scherrer discover powder X-ray diffraction

* 1941: Joint Commission on Powder Diffraction and Standards (JCPDS)
— 1978 International Centre for Diffraction data (ICDD)

« 1943: BaTiO; studied by Helen Megaw

* 1948: neutron powder diffraction

« 1967: The Rietveld method

* 1990: direct space approaches to structure solution
« 2000: work on proteins, 100+ atom structures

« 2005: XRPD on the Mars rover!

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



28 \\aves
A |

» Characteristics of periodic waves

« amplitude A * wavelength 1 - frequency f
, 1 2m
e periodt 1= S = e angular frequency w w = 2nf
Variation with position at one time Variation with time at one place
A&\ . /4\ 4, ‘ -]
@ o @
o . X-axis — o] ‘ﬂ\\\\ time (t) —> ////,#‘H\\\\
£ v s 0
g \/ \ S U \
-Ag ] -Ag
21
¢ wavenumber k == w = vk A = Ay cos(kx — wt)
e phase ¢ ¢ = (kx — wt)
constructive interference destructive interference

» Coherent waves

NN\
. . VAV VAN AN AV AV AV AN AV AVAN
« constant phase relationship W AAAAAAAAAAAS
NN NN NSNS
" ANANANNANNANNNNS
» Superposition of waves:

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



28 Huygen’s principle

A |4

» Propagation of waves:

* every point on a wavefront is a source of spherical wavelets
» developing wavefront is an envelope of these wavelets
* propagation direction is tangential to this envelope

Wave fronts: crests of the wave (frequency [)
separated by one wavelength A

2

Secondary
wavelets

.
v

b
e

EANNSS
e

The wave tronts move outward from
source S, at the wave speed v = fA.

B

University Physics, Young and Freedman, Pearson Education 2015

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/
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|

Young’'s double slit experiment

monochromatic
light

[

coherent

N

Coherent wavefronts
from two slits

University Physics, Young and Freedman, Pearson Education 2015

\
\Iscreen
%
\ Bright (const
Dark (destru

...l Bright (const
8 Dark (destru
Bright (const
s¥s8. Dark (destru
Bright (const
@1 Dark (destru
Bright (const

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/
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2
N

n
v

Multiple slits

Single Slit Diffraction

Double Slit Diffraction

Single slit
envelope

Three Slit Diffraction

——

Single slit
envelope

 ——

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/

Five Slit Diffraction
']
Single slit
envelope
[
iq
E:




AW Diffraction by crystalline solids

A |4

» Crystalline solids:

“A solid is a crystal if its atoms, ions and/or molecules form, on average, a long-
range ordered arrangement. In most crystals the arrangement is a periodic array that is governed by

the rules of translational symmetry.”

» Diffraction probes for crystalline solids:

X-rays Neutrons
* electromagnetic radiation n
c1=01—100A TA=s

» X-ray, neutron and electron diffraction patterns contain information about the 3D
arrangement of atoms in crystals.

University Physics, Young and Freedman, Pearson Education 2015 https.//dictionary.iucr.org/Crystal



% Diffraction from a 1D array of atoms

n
v

» Using vector notation:

lattice vector a
unit incident wavevector s,

unit scattered wavevector s

acosa, =a-s

» Constructive interference:

AB — CD = a(cosa,, — cosay) = hA

» Laue equation:
a(s—s)=nt

n=-1 n=0 n=1

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



%, Diffraction from 2D arrays of atoms

» Laue equations:
a(s—s0) = ht

b(s—s0) =k
« maxima in intensity along two directions

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



28 Diffraction from 3D arrays of atoms

= | 4
» Laue equations:
a(s—s0)=ht
b(s—s0) =

c(s—s0) =1

* maxima in intensity along a single direction

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



% The reciprocal lattice

O
4

For a set of direct lattice vectors a, b and c, a set of reciprocal lattice vectors a*, b* and c* are
defined:

bXxc cxXa aXb
) = " = ¢t === (and a* =
- Veell _

1
— ’Q*=’C*=E)

Q|+
S| -

= 17cell _cell
a*, b* and c* define another lattice, in “reciprocal space”, the set of points defined by

dnig” = ha” + kb* + Ic”

where h, k and [ are integers and d;,;;" is a reciprocal lattice vector associated with a set of planes

d;;; in real space which are normal to d,;,;* and separated by d,;; = |d;*. = I ce oo e
— %hki
dpi = ha* + kb”
(12)
Notethata-a*=b-b*"=c-c*=1,anda-b*"=a-c"=b-c*=--=0.

b*

Rietveld School 2026 https://johnevans.webspace dturham.ac.uk/pdrr_school/



Diffraction from 3D arrays of atoms

AR
= | 4
» Laue equations:
a(s—s0) = h2
b(s=s0) =k

c(s—s0) =02
‘g—s_o = 2sinf

o hkl

*
dpi

The basics of crysrtallography and diffraction, Hammond, IUCr Oxford University Press, 2012

S—S
(_—_O)z%*z(hg*+kg*+lg*)—i

A - dhkl
A
(s—s0) = A(ha" + kb* +Ic") = —
T dhkl
2sinf = ——
dhkl
» Bragg's law

A= Zdhkl sin 6

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



% Bragg’'s Law

[
y
» Simplistic, but useful view of diffraction:

« Consider parallel planes hkl of atoms in a crystal,;

« Semi-transparent mirrors: incident X-rays reflected off these planes;
« Peaks in diffraction pattern referred to as “reflections”.

nAd = 2dpy; Sin 8 n = order of diffraction
(hk D) —e——L O . *
A,,"' “"‘C dna Interplanar spacing, d spacing
0 0
Miller indices (hkl)—e e — ‘

The basics of crysrtallography and diffraction, Hammond, IUCr Oxford University Press, 2012

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



2B Miller indices
i |

» For each set of parallel planes in crystals, hkl:
» Take the plane closest to the one that passes through origin;
 Write the intercepts with the crystallographic axes as fractions of the edges: 1/,, 1/,, 1/,
(for planes parallel to a crystallographic axis, intercept is )

» 2D examples:

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



%, d spacings and unit cell parameters

» d spacings between planes in crystals are related to the unit cell parameters a, b, c:
 for orthogonal systems:

1 h? k% I?

=—=+—=+—
thdZ aZ bZ CZ

» Applications:
* From known unit cell parameters we can predict peak positions in diffraction patterns;
* From observed peak positions we can determine unit cell parameters.

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



% Bragg’'s Law: application

O
4

» Predicting the positions of diffraction peaks: 5' 0.000
> e.g. Po: >
= s . @ 5,000
« Space group Pm3m (primitive cubic) 5 | A |
£ | 1 I A 1
* a=3352A 20 30 40 50 60 70 80 90 100
+ 1 =154056 A (CuK,,) 200)
a(A) h k |
3.352 1 0 0
3.352 1 1 0
3.352 1 1 1
3.352 2 0 0
3.352 2 1 0
3.352 2 1 1
3.352 2 2 0
3.352 2 2 1
3.352 3 0 0
3.352 3 1 0

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



2
N

Bragg's Law: application

O
4

» Determining the unit cell parameters i.e.

» e.g. unknown element 1

cubic

+ 1=1.54056 A (CuK_,)

20 values for the first 7 reflections:

1 h? k% [?
d...2 a2 T b2 T c2

hkl
20 (°) 0(°) | o(rad) | d(A)=A2sin6
29.4 14.7 0.256 3.039
42.0 21.0 0.367 2.148
52.1 26.1 0.455 1.754
60.9 30.5 0.532 1.519
69.1 34.5 0.603 1.359
76.8 38.4 0.670 1.240
84.3 42.1 0.735 1.148

indexing the pattern:

u.)

Intensity (a

20,000

10,000

0

10

20

30

40 50 60 70 80 90
26 (%)

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



%’ Ewald sphere: geometrical expression of Bragg’s law
- 1 dua” 1
» Back to reciprocal space: ‘dhkl* _ OC = > =zsm9
— dhki 1 1
d isin@
» Diffraction condition is satisfied when the reciprocal hkl

lattice point for plane hkl intersects the Ewald sphere. A= 2dy; sin @

Diffracted beam
101
Incoming
X-rays 100
> Incident
> =
beam o
Crystal at Orlgln oflthe
/ 10-1 the centre Il'ECIPI'OCEI
attice
Ewald o of the sphere
sphere,
r=1/\

Reflecting sphere
The basics of crysrtallography and diffraction, Hammond, IUCr Oxford University Press, 2012

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



% Ewald sphere and Laue diffraction

0
v

» Move detector or rotate crystal to find diffraction peaks
» Laue diffraction: use polychromatic radiation

* limiting sphere: radius 2/A
 only reciprocal lattice points within limiting sphere can be observed \/

010 [101
beam @
A n Incident b
beam nciaent beam -100 2000 1100
am 5 detector

201 Reflected 0-10 |10-1

beam P
Reflecting sphere for Reflecting sphere for
smallest wavelength largest wavelength

The basics of crysrtallography and diffraction, Hammond, IUCr Oxford University Press, 2012

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



Diffraction patterns

A
N

-
V
>

Experimentally observed X-ray diffraction patterns

¥ §

wboy

- Single crystal diffraction tz Powder diffraction

12,000,
11,0004
10,0004

Lo
o
o
o

8,000
7,000
6,000/
5,000
4,000

3,000
2,000
1,000
04 e * . | s "

-1,000- I T T 1 ||H|Y|||1||'I ||||u:||‘||| .'I'" NI |||||||||||HMMLLMM_HWMMNMW
10 15 20 25 30 35 40 45 50 55 60

26 (°)

Intensity (a.u.
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%, Peak intensities: scattering of X-rays by atoms

» Atomic scattering factor, or “form factor”, f

» f = Z for X-rays scattered in forwards direction
* f decreases with increasing 6
» decreases more rapidly for more diffuse

electron clouds 10
 f calculated using quantum mechanics |
8t

40 I I ' '
Br- 7t

Scattering factor, fi0)
N w
o o

—
o

0 0.2 0.4 0.6 0.8 1 1.2 0
(sin@)/A

0 0.1 02 03 04 05 06 0.7 0.8 09 1.0 1.1
Physical chemistry, Atkins, Oxford University Press, 2018 5"1‘_9 10-1/m-"1
The basics of crysrtallography and diffraction, Hammond, IUCr Oxford University Press, 2012
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"1‘5-" Peak intensities: scattering of X-rays by the unit cell

» Peak intensities I;;:
Ingr < |Frgrl?
* Fyi;: the collective scattering power of the atoms in the unit cell
« Other factors: diffractometer optics, absorption, thermal vibrations, site occupancies

» Structure factor Fy;;:
Fhkl — z E(Q)BZTL'i(hxj+kyj+le)
J

* f;(Q): atomic scattering factor of atom j (information about atom types)

. e2mi(hxj+ky;+lz)). siryctural arrangement within unit cell (information about positions of
atoms)

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/
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n
v

Powder diffraction: what it isn’t...

Relative Transmittance

1 f_"‘""'l ImJ -hlh r.-’-- e -\ﬁh\'. rhl rﬂ* r-"_' 1
V|
‘ y ) || | | f HI A I J Pyridine-3-carboxylic acid
I | [ U\ ||| I ||f| || | Niacin
0sk | I| Il || | || |\ Nicotinic acid
| ‘ | | H ‘ I Vitamin B3
06F ‘ h H 0
i
: X OH
0.49F
/
J N
T T T T T | T T T W T T T T | | I T W T T S T Lo i
3000 2000 1000
Wavenumber (cm-1)
10000.0 ~
/-.\ 9000.0
:. 8000.0 +
(4v]
N—" 7000.0
>
= 6000.0
(]
C  5000.0 -
()
- 4000.0
[
~ 3000.0
2000.0
1000.0 o
| m 1 I | [ T 1] B |l|| |||| [ B [ Il 111100 | 1 A
10.0 20.0 30.0 40.0 50.0

20 (°)
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Single crystal vs powder diffraction

20
|

Single crystal

-
T

12,000
11,000
10,000
9,000
8,000
7,000
6,000
5,000
4,000
3.000
2,000
1,000

Intensity (a.u.)

Polycrystalline sample

w&*—»%
o il
T ot e e e e o Ay et e oot o]
-1,000 NN T T 1 T IV R IR MU NN 1T TR RN T NN T 111 RN RN T Ll Il 1w
10 15 20 25 30 35 40 45 50 55 60

26 (°)

2-theta
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0
V

What can powder diffraction do for you?

Thermal
expansion

Phase
transitions

Crystallisation/
amorphisation

Polymorphism

Structure
determination

Particle size

Powder Diffraction

Particle strain

In-situ
chemistry

lonic
migration

Kinetics
studies

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



% Lecture notes

0
v
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% Lecture notes

0
v
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%, What is whole powder pattern fitting (WPPF) or Rietveld refinement?

“At its core, WPPF is a constrained mathematical fitting challenge. The aim is to
develop a model which describes all aspects of the powder diffraction pattern
(background, peak positions, peak shapes and peak intensities) such that the
information of interest can be extracted.”

John, Robert, Bill David, Whole Powder Pattern Fitting School notes, 2026; from Erice notes

Observed
Calculated
Difference

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



Lecture content

20
- |

* Matrix revision Warning!
« Simple data analysis « There will be equations
— Averages, uncertainties, weighting « Watch/listen now, work through later

* Linear least squares
— How to fit a straight line to experimental data
— How to work out standard uncertainties
— The correlation matrix
— Constraints, restraints and how they’re applied
— Thinking critically about least squares refinements

* Non-linear least squares

* Tutorials
— Least squares by hand
— Least squares in excel
— Least squares in TOPAS

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



A8 Matrix reminders: definitions
|

Matrix: A= (a b)

c d
_ 1 d -—b 4 _ (1 0
i 1 _ — —

Inverse: A= —— (_C ’ ) AA (0 1) I
a d 2

Transpose: A=(b e AT = (a C) AAT = (square)
c f d e f

Multiplication: B=(° 1) aB=(¢ B)(° 1)= (ST 0 4T o)

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



%’ Matrix reminders: 3x3x3 matrix inversion recipe

Matrix: A

Il
@ Q Q

b c e f
e f Minors: det (h i)
. n

Determinant; (aei + bfg + cdh) — (gec + dbi + ahf)

+ - +
Matrix of cofactors: <_ n _>*( minors )
+ - +

. T
| _ x cofactors
NVEIS€. determinant

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



‘bﬁ

0
|

5 Minute matrix homework practice

G o) 2)-

Go (s 18)-



% Matrix manipulation can store and compress useful information?

O
4

* Imagine we were doing some maths on an experiment with n different observations at n different
x; observation points and we needed to sum the x; values and sum the squares x?

«  The product ATA might be useful

(x1 Xy X3 x4) 2 1 _ Exlz zxi
1 1 1 1 iji zxi .
1 1
G171 D05 1)Go )

4 1
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Determining one parameter

20
- |

« Assume we've got somebody to measure male delegates’ height and get the following answers:
- 1.75,1.79,1.80, 1.77, 1.82, 1.60, 1.85 m

«  We might decide to take an average (ix) of these measurements

- We might work out the variance (¢2) and therefore the standard deviation (o) and standard
deviation of the mean (g(x))

x =1.77
Percent of i1 o 68%
— 2 — — Nprrr_'nal _
7 2(’“‘ ¥ = 0:0066 g £20 95%
Interval i30' 99%
o = 0.08

o
O- (x) — \/ﬁ — O " O 3 - 1 7 7 (3) http://www.mathnstuff.com/math/spoken/here/2class/90/normal.htm
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%’ Weighted averages: minimise variance

« Male delegates’ height measurements:
- 1.75,1.79,1.80,1.77, 1.82, 1.60, 1.85 m
« Let's assume that the last 2 measurements are less reliable than the first 5 (x2 uncertainty)

- Take a weighted average to find the “best” answer
« One way to define “best” is the value of x which minimises the variance

« The weights to use are then inversely proportional to the variance of each individual
measurement, o (here x4 for less reliable measurements)

1 WiX; 1 n Yrw(x; —x)*
2T W o; n—-1  Y'w,

(for independent measurements)
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Least squares

20
- |

n n =) 2
WiXi . n wi(x; — x
L weight = w; = — g2 = 21 wilx; = )

X =

« Minimise variance = sum of the squares of the deviations from mean

« “Least Squares” result is:
o

\/—%=2

¥ = 1.78 g% = 0.0015 o = 0.038 o(x) =

* Previous x value (all the data) was smaller with larger variance:

x=1.77(3) o = 0.0066 o = 0.08
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% Determining two parameters

O
4

- Assume we’ve done an experiment which yielded the following data points for (x;, y;)
- (1, 2), (2, 5), (3, 10), (4, 18)

- E.g. number of daffodils in flower outside

* We might plot the data to have a look at it

«  We might then try and fit a straight line y = mx + c (e.g. to extrapolate to day 5 or give rate of
appearance as single number)

 How do we get the best fit?

20

151

10 ~

0 T T T T
0 % 0 2.0 3.0 4.0 5/0
-5 +

(yobs'ycalc)2
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%, Determining two parameters from two equations

 Two points only, linemx +c =y
- (1, 2), (4,18)
* Observational equations

mXXx+c=y

mx1l+c=2

mX4+4c=18 2 equations, 2 unknowns

20

« Solve simultaneous equations
« m=5.33,¢=-3.33 ]

10 ~

> 5
0 . .
oe/ 1.0 2.0 3.0 4.0 50
54 y=5.3333x - 3.3333
-10

;space.durham.ac.uk/pdrr_school/



% 4 observations, 2 unknowns

0
V

« We can express our measured data as a series of equations mx +c =y

mXXx-+c=y
mX1l+c=2

mx2+c=~5 Problem: 4 equations, 2 unknowns
mxX3+c=~10 Want: 2 equations, 2 unknowns

mx4+c=18

« Each equation will be obeyed approximately when best values for m and ¢ are found
« Least squares says minimise the variance of y or minimise the objective function §:

n
2
objective function = S = Z (yl-,obs — yi,calc)
i=1
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% Method 1: do some maths

0
V

1. Data and the observational equation are: — . 4. Rearrange to give two simultaneous equations
— the normal equations of least squares:

(xlr :V1,obs)r (er yz,obs)» ey (xnr yn,obs)

n n 5 n
Z, xi}’i,obs=m2_ X +C2_ Xi

n n
2. Calculate the residuals r; and the sum of o Zizlyi,obs = mzi=1xi T nc
squares of residuals = objective function S:

ry = (yi,obs - yi,calc) = Yi,obs — (mxi +¢)

5. Solve the two simultaneous equations to find

n 2 . -
¢ = Z o (mo + c expressions for m and c:
i=1 (yl,ObS ( { ))
_— N X XiYiobs — 2 Xi & Vi,obs
_, 3. Differentiate S with respect to m and ¢ and set B nYx?— (X x;)?
equal to zero to find minimum:

9S :ZYi,obs_mzxi

n C
o = 2 Zizlxi(yi,obs —mx;—c) =0 n

aS n
% — _Zzi=1(yi’0bs — mx; — C) =0
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% Best line fit plugging in numbers

0
v

X; Lo X"y; X;2 n 4
N2 XiYiobs — 2 Xi 2 Viobs Yiobs | Xi Yiobs o
m = > (Z ) > 1 2 2 1 nsumXxiyi 456
nLXx Xi 2 5 10 4 sumx*sumy 350
A\
B D Yiobs — m x; 3 10 30 9 nsumx”2 120
C= n 4 18 72 16 (sumx)”2 100.0
sums 10.0 35.0 114.0 30.0
gradient, m 5.3
intercept, c -4.5
20
*
15 7 ¢ yobs
= Linear (yobs)
10 -
> 5 -

;space.durham.ac.uk/pdrr_school/



% Method 2: use matrices

O
4

« We can express our measured data as a series of equationsm X x+c =y

mXXx-+c=y

mXxX1l+4c=?2 |
mx2+c=~5 Problem: 4 equations, 2 unknowns

mX3+c=~10 Want: 2 equations, 2 unknowns
mX4+c=18

« Express they equations in matrix format:

1 1 2 1Xm+c 2

2 1 (m)= 5 2Xm+c _ 5

3 1 C 10 3IXm+c 10

| <4 1 / 18 4xm+c 18
Design
matrix

A X =% Vector of
/ observations

Vector of unknowns

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



2B Method 2: do some matrix maths

| 4

1. Set up model eq’'n, data, vector of unknowns x 4. Rearrange to give the normal equations in -
and vector of observations y in matrix form: compact matrix form:
Ax=y ATAx = ATy
X1 1 yl,obs
A=|* 1 _m | Y2,0bs 5. If ATA is invertible the solution is: —
B X"(c) y=1 .
Xn 1 Yn,obs X = (ATA) ATy
2. Calculate residual and sum of squares of

residuals = objective function S:

r =y — Ax 6. Check consistency with non-matrix approach

S=rTr = (y — Ax)"(y — Ax) by expressing (4) explicitly then multiply out:

2
E Xi E Xi E XiYiobs
m

. 3. Expand S then differentiate with respect to x

and set to zero for minimum: C) =
S =rTr =yTy — 2xTATy + xTATAx Z Xi n Z Yi,obs
as

—=-2AT(y—Ax) =0
. 2A" (y — Ax)
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Design Vector of

%’ Many observations, 2 unknowns matrix unknowns
_ / /
/ Vector of
o 11 2\ < observations
1. Set up model equations in Ax =y 2 1)|m 5
matrix form: 3 1 (c) ~ | 10
4 1 18
4. Write th rmal - :
. Write the no
1 2 3 4|2 1)m 1 2 3 4\[ 5
o T _ AT =
equa_nons |r_1 compact (A A)x =Ay (1 1 1 1) 3 1 (c) (1 1 1 1) 10
matrix form: 4 1 18

5. Premultiply both sides by AT AN "L AT m 02 —05)\ /114 53
(ATA)_1 to solve for x : x= (A A) Ay (c) - (—()_5 1.5 )( 35 ) - (—4_5)
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% Solving equations simultaneously or graphically

0
v

« Matrix approach gave normal equations as below, could have multiplied them out to solve:

T AT 30 10ym\ (114 30m+ 10c = 114 2 equations
(ATA)x = ATy (10 4)(C)_(35) 10m + 4c¢ = 35 2 unknowns

« Or each equation could be rewritten in y = mx + ¢ format and solved graphically:

A aYaYa)
.UUVU

—m1

6.000
10c; 114 | =
line 1: m; = — 301+30 \\\?Z}?
m = 5.3 3
CcC = —4‘ 5 3.000 -\
4c, 35 : 2,000 -

line 2: my - 10 + 10 1.000 4

UUUUU

-50 -40 -30 -20 -10 00 10 20 3.0 4.0 50
Cc
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% Standard uncertainties on estimated values

O
4

 To calculate uncertainty g, we need to propagate errors:

y=mx-+c

OmOcUmc = covariance
2 _ 2.2 2
Oy = OmX + o+ 2xo_mo-c.umc

Uy, = correlation coefficient

* The quantities we need appear in the variance-covariance matrix M :

-1
M = ATwA
OmOclmc 0-(,? — D 2711 Wi ( )

n
Variance-Covariance Matrix / \

Number observations Number parameters Weights

M = ( O-T%l O-mo-c.umc) n 2711 Wi(ObS — CalC)2
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2@ Standard uncertainties
|
n |21 w;(obs — calc)? -1 -1 (30 10\'_[02 —05
n—op 2w ( ) (A"WA) (10 4) —-0.5 15
/ / X yobs ycalc yobs-ycalc (yobs-ycalc)2
1.0 2 0.800 -1.200 1.440
2.0 5 6.100 1.100 1.210
n = 4 observations| | = 4 if unit 30 10 1400 1400 1.960 I
p = 2 parameters weights | | | 6.300 ——— Z w;(obs — calc)?
1
v = F 83l ( 0.2 —0.5) _ ( 0.63 —1.575) _( ok OmOchme
2| |4 —0.5 15 —1.575 4.725 OmOclme o8
om = ) m = 5.3(8)
Oc = 4 ¢ = —4.5(20)
Ume = —0.91

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



% Correlations in least squares

O
4

« Gradients and intercepts will show a negative correlation

» As gradient decreases intercept will increase

20
51
10 L J
> 5+ ¢ >
L
0 T T T T
0]{0] 1.0 2.0 3.0 4.0 5[0 5[0
-5 -
10 10
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% Constraints and restraints

0
v

« Constraints are pieces of information your model must obey mathematically
« Restraints are “soft” information you’d like your model to obey

« [how to upset teachers/tutors: “I've refined the data.....”]
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20
|

Constraint: line must pass through origin

mx1l=2
mx2=5
mx3 =10
mxX4 =18

Assume line must pass through origini: mxx+ 0=y

(ATA)x = ATy
1 2
123 »|Z|lm=0a 2 3 »|°
3 10
4 18
20
30m = 114 ) f
m = 3.8(5) oo (o

1.0

2.0

3.0

y = 3.8X

4.0
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20
|

Constraint: intercept = —gradient

Assume line intercept = —gradient, i.e. m = —c

mx—m=y

mx—1)=y
mx0=2
mx1=5
mXx2=10
mxX3 =18

(ATA)x = ATy
0

0 1 2 3) % m)=(0 1 2
3

14m =79

m=56(4) — ¢=-56(4)

I 10

18

20

15 -

10 -

3.0

4.0




% Restraint: line should pass through origin

O
4

 Treat x =0, y =0 as an extra observation

1 1 2
2 1 5
G131 i93 @=G 1771 Do
\O | 1 0
(0 5)()=(55) 20 ,
30m + 10c = 114 '
10m 4+ 5¢ = 35
m=4.4

c=-1.8
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% Restraint: “| really, really want” the line to pass through origin

O
4

 Treat x =0, y =0 as an extra observation, but give a high weight

WAx = Wy

(ATWA)x = (ATW)y

1 0 0 0 O 1 1 1 0 0 0 O 2

(23400070 olls1|™M=C23*%0010 o]l
1 1 1 1 1 c/ \1 11 1 1

O 0 01 O 4 1 O 0 01 O 18

O 0 0 O 100 0 1 0O 0 0 O 100/ \O
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% Restraint: “| really, really want” the line to pass through origin

O
4

11\ 2
2 1 5
GIiidz +|O=6G771Dw

K0 100 0

(ig 11004) (T) - (13154)
30m + 10c = 114

10m + 104c = 35

m = 3.81
c =—0.03

Standard uncertainties = 7?7?77
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Impacts of data quality and model choice

20
|

 Feynman’s rule: first and last data points

« Need good quality data but also data that defines the problem you’re trying to answer

30 30
& yobs
257 —:—ZZ:E: 25 - —&— ycalc
20 { |=®—yobs-ycalc —&— yobs-ycalc
15 A
>

10 - 4

5 -

. A
01— — ' ' —
50.0-“' 1.0 20 3.0 4.0 5|0
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Linear least squares

2
N

0
v

Recipe works for linear equations where you have a smooth hyperbolic surface with a single

minimum

e.g. these equations are all linear in the parameters a, b, c:

Sum of S~2

y=ax +c
y=ax?+bx+c

y = asin(x) + b cos(x)

Recipe won't work for the many non-linear equations in crystallography:

y = a sin(bx)
y = aeb*
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&‘ﬁ= Non-linear least squares

We have a recipe for linear least squares for simple expressions like y = mx + ¢
In crystallography equations will be more complex, e.g. calculated intensity Y,

2

N
Yo = lots of things X fo exp[Zm’(hxj + ky; + lzj)]
j=1

* How do we cope with non-linearity?
« Let’s assume that calculated intensity, Y., is a function of many variables x;

YC = f(xl,xz,x3, ..... ,xnp)

« |f we guess values for x,, and calculate the intensity Y, it probably won’t match
observed intensity, Y, :

Yy — Y. %0
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‘%‘ Non-linear least squares

0
V

Yy — Y # 0

« If we knew how much to change each x,, guess by (shift 6x,) in order to make Y, — Y, zero we
could just apply these shifts to the initial guesses and the calculated intensity would be correct

«  We can express this as a Taylor series that just retains the first terms:

) sy (2 ) syt (o) Sy = Yo — ¥

« Equation is linear in the shifts §x,,, one equation for each intensity
* We can use linear least squares methods to find the shifts

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



20
|

Non-linear least squares

« The maths is a bit more complex with huge matrices (see the school notes for details)

The mathematics underlying non-linear least squares is as follows: if we knew how much to change
each parameter by (Ap;) such that yops; — Yealsi became as close-to-zero as possible, we could simply
apply these Ap shifts to the starting model to find the best-fit model. With this in mind, we can express
the change n intensity on changing parameters from an initial estimate pg to p using a Taylor series (with
just the first terms retained) as:

(B eates\ (B eates) (8 caies
FatcB) ¥ s )+ () + (S i, o (2 i @ 4
and try to determine not the parameters but the parameter shifts Ap = p — po. This tums a non-linear
optimisation into a series of small linear steps.
Combining Eq. 2 and Eq. 4, the objective function can be written as

w f p , W
s:Zm(y,,,,.—[yw...(ml—ze’ “gp'"'"‘w;]) )
= \ = : iy
To find the minimum we need the first derivative with respect to the refined parameters, and we infroduce
subscript & to avoid confusion:
2= s~ (e ) + . D g || Vi
(Eq. €

= =25 (s = () L) 7 D Vi |

P «
8y, 1) 81 (B P B gie (D)
Sy tlB) BBl = (1 = ) e P )
= =t ! - =
Changing the summations on the left side leads to:
»n X
B5catei(Ba) ¥ a1 (Pu} f B¥eies (Ba)
R 85, = 3 %4 Yoras ~ Foaca Ba}) Eq 8
ZZ ap; B Z \ree LY

This equation is linear in the parameter shifts Ap. There will be one equation for each py and the set of
equations can be concisely expressed in matrix notation as

Alp=¥ (g 9
with the components of the P » P matrix A (each & corresponds to a matrix row and each j correspands to
a column) given by:

A=A w ﬂ)‘w....(v.,l B oases (B0

- 10)
4 £ P e E 1
and the P components of the vector ¥ by

x
B ca

5= 0 (s ) 2

The equations in Eq. 9 are called the normal equations of least squares and can be solved by pre-multi-

plying each side of the equation by A~! to give the parameter shifts Ap which should be applied to the
model.

@ 1)

AlAalp=ap =AY (Eg 121

« Each entry in the A and y matrices contains sums over all observations involving at least one

partial derivative

*  We end up with familiar looking equations from which we can determine parameter shifts:

(ATA)8x = ATy

5x = (ATA) ATy

« We apply the shifts to each parameter x; in order to change Y, to be the same as Y,

Xnew = Xold T ox
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Non-linear least squares: summary

AR
|
« If we have an initial set of guesses for parameters we can determine how much to change them

such that Y. and Y, become equal
» Recipe only works exactly for infinitesimally small shifts
« We will have to repeat the process multiple times
 We need good starting values to ensure convergence
 The maths is tedious and slow — use a computer

 This is structure refinement
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Ei“ ill-conditioned least squares

0
V

« Consider the following equations which are just like the equations we came across
earlier for fitting a straight line through data

 Values m = 5.3, c = —4.5 are exact solutions to the equations

30.0m + 10.0c = 114.0 m = 5.3
10.0m + 3.34c = 37.7 C= —45

* Imagine we repeat the measurement and find that 114.0 in the first equation changes to 114.1
« Avery small change:

30.0m + 10.0c = 1141 m = 20.5
10.0m + 3.34¢c = 37.7 c = —50

« Solve the equations again m = 20.5, ¢ = -50
 Oh dear!
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20
|

Solving equations simultaneously or graphically

« Or each equation could be rewritten in y = mx + ¢ format and solved graphically:

10c; 114

linel: m; = — 30 + 30

4c, 35
line 2: mo - 10 + 10

6.000 -
N
m = 5.3 :

c =—45

A aYaYa)
.UUVU

1.000

2.000

—m1
——m2

UUUUU

-50 -40 -30 -20 -10 00 10 20 3.0 4.0 50

Cc
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% ill-conditioned least squares

0
v

10.0 114
—— 30.0m+ 10.0c = 114 T T
—— 10.0m + 3.34c = 37.7 __334 377
M2 = T 1002 " 10
— ] 6.000 —2;
T 5.000

-50 40 -30 -20 -10 00 1.0 20 30 40 50
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2B i[l-conditioned least squares
|
M = < 0-1%1 O_mo_c.umc) M = n 2711 w;(obs — CCllC)2 (ATWA)_l
OmOcHUmc O-(,? n—p Z? Wi
Twa)~ ! — (30.0  10.00\™" _ 1 3.34 —10\ _ (16.7 —50)
(ATWA) ~ = (10.00 3.34) ~100.2 — 100 (—10 30 ) ~ \=50 150

(a b)_l _ 1 ( d —b)

c d ad —bc\—c a

« Determinantis 0.2 — small compared to contents of normal matrix
- Large errors

« Either an infinite number of solutions or no solution
« Determinant = 0 means a singular matrix
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% Correlation matrix

0
V

« Many software packages will give you a graphical representation of the correlation matrix
« Beware values >80% if you're interested in those parameters

2 3 4 3 2 13 14 115 116 17 [18 119 20 |21 |22
1 bkg1F&71651788 100 0 0 5 5 13 -1
2 bkg1F871651830 a 3 = N
3 bkq1F&716518D8
4 bkqg1F&71651980
5 bkgl1F871651A28
6 bkqg1F&71651AD0
7 axial
. . 8 |zero
Correlation matrix from software —» S
11 |beql1F8715DBDBS_
12 | x1F8715DBE48_
13 | beql1F8715DC088_
14 |x1F8715DC118_
15 |y1F8715DC1AS
16 |z1F8715DC238_
17 |beql1F8715DC358
‘|D
!

Correlation between parameter 13 (beq) and 9 (scale) = 61% Diagonal = parameter n
with parameter n
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% Whole Powder Pattern Fitting (WPPF) or Rietveld refinement

O
4

« Minimise the difference between an observed and a calculated
powder diffraction pattern using non-linear least squares

Observed
Calculated
Difference

« Flavours of WPPF
— Structural model (Rietveld)
— Cell-parameter constrained structure-independent fit (Pawley/Le Bail)
— Free fitting )
— A combination of the above .

28.8 29 292
« Model must contain all the relevant information 2Th Degrees
— Cell parameters to predict positions
— Structural model x, y, z, uiso/adps
— Model to fit observed peak shapes
— Functions to describe instrumental effects

— Functions to correct systematic effects (LP, Absorption)
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% Minimisation, R-factors, etc

0
v

N O
o 2
Minimise: Wi (yobs,i — ycalc,i) Observed
i—1 Calculated
55(;} i Difference
> od b
N )
: i=1 Wi (YObs,i - ycalc,i) >
Monitor: Ry, = N 5 B
i=1 WiYobs,i e s
R N W(y bsi — y ' .)2 -—/‘\/L
: w =1 Vi\Yobs,i calc,i J
Monitor:  GoF =/ y% = P = : 2838 29 292
Rexp N-—P 2Th Degrees

ider- R _thz”hkz('ObS')—Ihkl(calc)l
Consider: Rpragg = 5 T Cobs)

N:. number of data points; P: number of parameters. Least-squares uses
1/0(y,p)* Weighting, where o(y,,,) is the experimental uncertainty in y,,. .
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E‘ﬁ Weighting in Rietveld refinement

0
V

« Old data formats were 26, Intensity

« Assume Poisson statistics o(/) = I°° and weight accordingly

« For many PSD/neutron/tof/other measurements this will not hold

* Always use 260, Intensity, o(/) format

« .xye file or equivalent gsas/fullprof

* Never e.g. convert from gsas to xy format in fullprof in a way that loses errors

« Particularly for time of flight data

 |f you manipulate a file (e.g. variable to fixed slit correction) always correct errors accordingly
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% Least squares in Excel

O
4

* Demonstration
 Fit our function using “chart/add trendline”

* Fit using solver
« Change to a quadratic function
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28 | east Squares in TOPAS
|
« e.g. fit data.xy using a simple linear equation
« Calculate esd’s and correlation
 l|dentical to values calculated by hand

« Much easier!! TOPAS instructions for straight line fit

[

%) File Edit Selection View - < Q topas-editor & v B0 0 - =) X
COMMANDS: VIEW + B & B data_fit 01.inp ® OO e
CI iCk here to ® Topas-editor help Z: > data > topas_workshop > least_squares_topas data_fit_01.inp e
B> send INP to TOPAS [ctrl-ts] ¢ 1 ' File to fit a simple stragight line to data in TOPAS
Send to TO PAS £2 Run TOPAS Academic [ctrl-ta] & 2 818
& Run Bruker TOPAS [ctrl-tb] @
> Run TC on INP [ctrl-tc] ¢ 3 xdd data.xy
. Archive INP file [ctrl-tx] 4 X_calculation_step 1
CIICk here to E)EJ Help/General/Links 5 weighting 1 |
Technical Reference
run TO PAS @ TOPAS wiki 6
@ TOPAS forum 7 prm m 5.3
@ TOPAS www 8 pr-m c -4.5
@ Hover help read all
CliCk here @ TOPAS tutorials ? . . . )
@ Durham school 1o -Flt_ObJ = m*X + c;
for tutorlals s} Space group tables 11
@ Wykcoff positions (what to refine) 12

® TOPAS YouTube
= Alan's macros - topas.inc
2 Local macros - local.inc

= Log file - topas.log

2 Log file - tclog

X P main Qo0r2t ®0A0 B SendtoTOPAS $ RunTA () RunBruker TOPAS [> RunTC (3 Comment In8 Col 15 Spacess4 UTF-8 LF {} Topas €3 2
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2
N

n
v

Topas graphics and windows

L) TOPAS-Academic-64 V862 - [d5_05005.raw_1] — o X
File View Fit Launch Tools Window Help 5 T B M *x - & x
DM BEd& A LAV BETE oD L& HE x v dinh/d Wbl s e
5 [ Global > M ﬁ Bvi V1

-[®] d5_05005.raw_1 ; . iros *e.u“ e .
> 13 :?e 1.62 Rwp 15.e18 -8.8083 MC 2 n Refl ne (F5)
14 Tipe 1.62 Rwp 15.018 -8.000 MC
--- 1.§425 seconds ---
File zf\data\topas_workshop\tio2_rietveld\d5_@5@85_fit_@1l.out updated
rom last iteration |
1. Parameters (F2) Run (F6)
B Launch-Maode: 1-\\A:l:\fnp:c_mnrlrchnp\‘fin‘)_rinh:nld\‘dﬁ_nﬁmﬁ_f'ﬂ_n1 inp
T [Nl o x
20 - - - - - - - - - - - - - -
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
J[ . 3. Quick zoom
JL A Jl. A L JP'LI"- - A
6,000 1 rutile 100.00 %
4,000 - 4. Plot
2,000 A JL J\J
0 J \ i\_)L h MM JlU1 e An An
JLF — ;
-2,000 - : : : I : 1 L L : "‘.|(21 1) EI=‘I.68769| L1 L1 | [ L
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 9
x=21.17739 y = 7691 d = 1.800253
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2B Fixing parameters — using !
&% Fixing p g

prm m 5.3
prm !c -4.5

fit_obj = m*X + c;

« Gradient defined as parameter m (refining)
* Intercept defined as parameter c (not refining)
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‘%‘ Initial software setup

y
« (o to main school tutorial page Tutorials
— You can start the excel-based tutorials straight away @@

— If you don’t have excel solver in the data tab, go to e T s e
Tutorial 0.1 — Setting up software *

 For TOPAS/topas-editor tutorials Software setup
— Go to Tutorial 0.1 — Setting up software @ @
— Follow the instructions there R R

— It might take a few minutes to copy software if 5 *

everybody does simultaneously R RONE E B ¥

— Ask a tutor over the first couple of hours for help @ pgeeiiedine ;3:5,,,:
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Problem session

w
* Problems (Excel)
— Tutorial 1.1: Fit a linear function as in lecture
— Tutorial 1.1: Fit a Gaussian peak shape o1/
— Tutorial 1.4: Perform a Pawley refinement in Excel

— Tutorial 1.4: Perform a full Rietveld refinement in Excel
— Tutorial 1.3: Refine unit cells from the morning’s tutorials

<—C0(29i — ZHK)Z)
exp

Hym1/2 HE

* Problems (TOPAS)
— Tutorial 1.2: Perform the same fits as in excel to compare results
— Do it mechanically today — explanations tomorrow!
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Session 9: Peak Intensities
in Powder Diffraction

Jeremy Karl Cockcroft
Department of Chemistry, UCL



Peak Intensities
* For an ideal powder sample:

I(hkl) = ¢ L(20) P(20) A(20) j,\, |F(hki)|?2
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Absorption

- Reflection

glancing

incident
beam

capillary 6
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X-Ray Mass Absorption (Cu)
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Transmittance (%)
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X-Ray Transmittance

Transmittance through 0.2 mm assuming 50% powder packing
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Neutron Absorption X-Section
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Structure Factors

1(hkd) = k |F(hkl)|?

F(hkl) = Y s, o, exp(2mi{hx + ky + Iz})
exp(-17,)

* Vector quantity (magnitude F & phase o)
- atomic scattering length s,

- atomic occupation number o,

- wave interference term: exp(2ni{/x + ky + Iz)
- Debye-Waller factor W,

- Summation over all atoms in 1 unit cell
10



Structure Factors
F(hikl) = Y s, o, exp(2ni{hx + ky + Iz})
exp(-1,)
Real Space (Crystal) <::> Reciprocal Space (Diffraction)

Atoms <:::> Scattering Factor
X Fourier Transform X

Lattice <:::> Interference Term
X X

Atomic Displacements <:::> Debye-Waller Factors

* Fourier transform of F is simply the
electron density (for X-ray F values)

11



Atomic Scattering Length s,

X-rays:
- Scattering factor f

Scattering length divided by r,
where r, classical electron radius = 2.818 fm

Neutrons:
- Scattering length b

12
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X-ray Scattering Factors f

[ 15 IIATVA VA VILVII, VI, Iz Il g IVg Vg VIgVIIg 0

1

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
S P

d ® @ ® ] @ @

@ B e e e a
o000
f

1 2 3 4 5 6 7 8 9 10 11 12 13 14 13



~N O O AW N -

Neutron Scattering-Lengths b
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Scattering-Length Comparison

Element H D U Fe Co
X-ray f(0°) (2) 1 1 92 26 27
Neutron b (fm)-3.74 6.67 842 945 2.78

Element Ba o, V
X-ray /(0°) (2) 56 8 23
Neutron b (fm)5.28 5.81 -0.38

Absolute comparison: /(20 =0°) x r,

where r, = 2.818 fm

15



Scattering as a Function of 26

» X-ray interacts with electron cloud
- Atoms are similar in size to wavelength

- Fourier transform of the electron cloud
corresponds to the X-ray form factor

» e.g. F.T. Gaussian (broad) — Gaussian (narrow)
- Usually tabulated as a sum of 4 Gaussians + ¢

electron
density p

Atoms

o

o)

rin &)

Scattering Factor

O 1/dorad* (in ﬁ'l)'

16



Scattering as a Function of 26

- Neutron interacts with nucleus

- Nucleus is very small (point scatterer)
compared to A

- Fourier transform of a delta function is a
horizontal line

— No form factor for neutrons
- Exception: interaction with unpaired
electron(s)

» Form factor for magnetic cations (e.g. Fe3*, Ni%*,
Ho3*) in magnetic crystallography
- Differences in shape between TM and Ln/An
elements due to differences in d and f orbitals

17



Intensity (arbitrary units)

Scattering as a Function of 26
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18



Dispersion Correction (electrons)

10F

n
T

o

1
on
T

—_
o
T

Anomalous Scattering

=1, 20) + Af"+iAf"

Elements with
L-edge absorption

Elements with
K-ecdge absorption

* Due to absorption (near edg
fluorescence background)

10 20 30 40 50 60 70 80
Atomic Number Z

90

19



Site Occupation o,

* Structure: list of atoms in asymmetric unit

»+ Summation performed by all applying
symmetry operators to all Akl

 Mathematically equivalent to applying them to all
atoms

— 0, compensates for atoms on special positions
since calculation assumes general position x,y,z

— o, takes into account atomic disorder

20



In'rer'fer'ence Ter-m eZﬂ:i(hx+ky+lZ)

* Vector dot product between real- and
reciprocal-space vectors:

- (ha™ + kb* + [c*) ¢ (xa + yb + z¢)
+ Effected by translational symmetry

- Leads to reflection conditions & systematic
absences

- Not a smooth function of 20

- Reflections with similar d spacings may have
large or small interference terms

21



In'rer'fer'ence Ter-m eZﬂ:i(hx+ky+lZ)

* May be written as a sum of cosine and
sine terms:

exp(2ni{hx+ky+iz}) = cos 2n(hx+ky+Iz) +
i sin 2n(lhx+ky+iz)
» If atom on x,y,z and on -x,-y,-z, then the

cosine terms double and sine terms
vanhish

- Use of centrosymmetric origin

» Reduces calculation time by 50%
- Historically very important when done by hand!!!!

22



Structure Factor for NaCl

NG GTOOO 2,2,0 2,0,2 ,_2',—2'
Cl- at 3,73 %0,0;0,3,0:00,5

fu.fcos 2n(hO+k0+I0) + cos 2n(hz+k5+I0) +
cos 2n(h3+k0+13) + cos 2n(hO+k3+13)} +
fefcos 2n(hg+ks+l7) + cos 2n(hz+k0+I0) +
cos 2n(h0+k5+I0) + cos 2n(h0+kO+I3)}

Note: i sin 2n(hx+ky+iz) = i sin(nz) = O

-
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Debye-Waller Factors

+ Atomic displacement parameters (ADPs)
» "Temperature factors”

24



Functions

» Isotropic (spheroid)
exp(-B, sin®0 / 12) = exp(-B, / 4d?) =
exp(-2n2 U, / d?)

— U, is mean-square atomic displacement

— B, often liked since values are around 1
but now rarely used for SXD

25



Functions

* Anisotropic (ellipsoid)
exp(= {Buh?® + Book® + B33l® + 2Poskl + 2Py3hl + 2By hk})
- Tensor quantity with 6 parameters

- pused for speed of calculation but doesn't
easily relate o atomic displacements

» contain terms relating to cell parameters

- Use of by; and uyq etc. (similar to B and U)
¢ bll - 87[2 U1qq
+ independent of lattice parameters

26



Symmetry Constraints

* Only effected by point-group symmetry
elements

— U3 = Up3 =0
- should always be applied by softwarel

27



Rietveld Refinement

* Objective is to refine a model structure
against a measured powder diffraction
pattern

* Peak intensities provide the information
about the crystal structure
- Peak positions provide unit cell information

- Peak widths and shape provide information
on instrument and crystallinity of sample

28



Agreement Tests

* Need to monitor progress of fit
* Need to compare different model fits
* Need to measure data quality

» Solution:
- Visualisation (XY plot)
- Numeric quantity (popular for working blind!)

- Monitor chemical parameters
* bond lengths, angles, eftc.

29



R-factors

Ry, = [ Z w;{ yi(obs) — y(calc)}* / Z w; y;(0bs)2]”

One formula, but many interpretations 2
Rexp — [( N—P+ C) /> w; yi(QbS)Z]l/z

* Other R-factors similar to R, in format:

- I(hkl) [or even I(hki)?]
- |F(nk1)|?
- |F(nkD)| etc.
* All use derived "observed"” values

30



Intensity (count)

2000F
|1 - HBr Phase la
1500F
1000F
500t
Or | | [ |1 | | N
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20 (degrees)
pr = 8.1% or 2.5% or 1.8%|
31



Simple Example

* PbSO, at RT (powder neutron
diffraction)

- Simple structure & a model example

- Structure:
Space group Pbnm
a=70A hb=85A c=54A
4 Pb (0.15,0.20,%);: 4 5 (0.20,0.50,2);
4 0(1) (0.10,0.60, 2): 4 O(2) (0.00,0.30,%):
4 0O(3) (0.30,0.40,0.98)
A=1909 A, U=0.2°, 7V =-05°, w=0.5°%

32
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Final Message

+ Be very self critical about the quality of
your powder diffraction data fits

- Are you getting the most out of your data?
- Is your model correct?

* Peak positions

- Unit cell shape and size
* Peak intensities

- Unit cell contents

* Peak shape

- Instrumental and sample effects

42



Lecture Notes
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Lecture Notes
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Session 10: Collecting XRPD data

Dr Emma E. McCabe

Durham University, Department of Physics

Selid

<)
Durham BRU KER State & Y
University Bl iences ISIS M

Institute of Physics

{Q' IUC': IOP ‘ diamond



Lecture Outline

Common laboratory configurations
How to collect (laboratory) data
Sample preparation

Factors that affect peak positions
Factors that affect peak intensities

XRPD and sample preparation “crimes” “a%

‘ | /
: :
:
: !
H ¥ |
y | i |
' o

Fundamentals of Crystallography, editor: Giacovazzo, I[UCr Oxford Science Publications, 2008

ONI(O.

=90
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Laboratory XRPD configurations: focusing/parafocusing diffractometers

?
o 2

O
4

1
Reflection geometry Transmission geometry
1: Source 1: Source
2: incident beam monochomator 2: sample
3: tube focal point 3: detector (without diff. beam mono.)
4: sample

5: detector (with diffracted beam monochromator)
6: detector (without diff. beam mono.)
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% Laboratory XRPD configurations: reflection geometry

-
V
>

Why does reflection geometry work? Focusing circle

Source Detector

the law of reflection

S D theanglesinthe
same segment of a
circle are equal to
one another”

P
P
Euclid’s “The Elements”, Book llI Goniometer circle
fixed radius R

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



Focusing circle

Source Detector

Source Detector

R R

rsinf@ = T =

sin @
_ Goniometer circle
radius r = oo for 26 = 0°; fixed radius R

r =R/, for 20 = 180°.
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%’ Laboratory XRPD configurations: reflection geometry

» Parafocusing geometry

Source Detector
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28 | aboratory XRPD configurations: Bragg-Brentano

- |
» Parafocusing geometry: Bragg-Brentano Detector
» 6 — 0 scan:
» sample fixed horizontal
Tube
« tube and detector move
» 6 — 260 or w — 260 scan:
« X-ray tube fixed
« sample tilts such that w
Is half of detector angle
Monochromator
Receiving Slit
Divergence Slits/ Sample Antiscatter Slits/

Soller slits Soller slits
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%’ Laboratory XRPD configurations: Bragg-Brentano

» Parafocusing geometry: Bragg-Brentano

Detector

Mono-

Tube chromator

. Receiving
Divergence glit
Slits/

Sollers Antiscatter

Slits/
Sollers

Sample
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Laboratory XRPD configurations: Bragg-Brentano

Detector
Optics:
Tub Mono-
ube chromator DS: divergence slits
SS: Soller slits
_ Receiving . :
Divergence slit AS: anti-scatter slits
Slits/
Sollers Antiscatter RS: receiving slits
Slits/
Sollers

Sample

» Soller slits: reduce out-of-plane (axial) divergence

Source

incident beam monochomator

tube focal point

sample

detector (with diffracted beam monochromator)
detector (without diff. beam mono.)

» Divergence, antiscatter slits: reduce in-
plane (equatorial) divergence

SR ) e
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% Laboratory XRPD configurations: Bragg-Brentano

0
v

Optics:

DS: divergence slits
SS: Soller slits

AS: anti-scatter slits

RS: receiving slits

tube focus

soller slit anti-scatter slit diffracted beam

. divergence slit i monochromator

soller slit

receiving slit
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Transmission geometry
1: Source
2: sample
3: detector (without diff. beam mono.)

» Capillary size:
« Impacts resolution p = linear absorption coefficient
» Absorption: https://11bm.xray.aps.anl.gov/absorb/ p = density

* mass attenuation coefficient (or mass absorption coefficient) u,,, = % is quoted (cm?/g)

, . . =m % of element i
X packing fraction ass 7 of element i

P
hd Wa nt Mmr < 1 . 5 y r - Ca pl | Iary rad I US Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/

_ H
¢ .usample in capillary — psample in capillary Zi (_) ]
[


https://11bm.xray.aps.anl.gov/absorb/

ﬁ‘ﬁ= Powder diffraction: experiment aims and set-up

» Powder diffraction sample must be:
* An ensemble of an “infinite” number of randomly oriented crystallites;
« Representative of the bulk of the sample.

» Experiment aims inform sample preparation, instrument configuration & data collection:
* Phase identification: rapid data collection, less need for higher angles (lower d-spacing).
 Indexing: lower angle (higher d-spacing) peaks important; consider internal standard.
 Structure solution: wide d-spacing range; high resolution; high intensity.
* Rietveld refinement: highest quality data in time available.
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2B Data collection
i |

» Depends on the instrument:
* Is the configuration and set-up suitable for your aims?

» Statistics and count rate:
 Are the statistics good enough for your aims?
« Consider counting for longer at higher 20 to account for decrease in form factor.
* Do you have sufficient points to define a peak (e.g. 10 across FWHM)?

» First guess on a lab instrument might be:
« 5-90° 260, 0.02° step, 1 second per step, ~1 hour
« 8-68° 26, 0.01° step, 2.2° min-!, ~30 mins to monitor synthesis
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ZB Sample preparation
W ple prep

» Grinding the powder:

* ensures homogeneity;

 decreases particle size.  agate mortar & pestle

: McCrone micronizing mill ball mill ==
» Possible concerns: >

« Structural phase transitions or reactions (small organics);
« Strain-induced peak broadening;

* (partial) amorphisation.

» Flat plate sample holders:
* bulk;
* sprinkled;

— wafers of Si single crystal for low background.

https://www.bruker.com/en/products-and-solutions/diffractometers-and-x-ray-microscopes/x-ray-diffractometers/davinci-components/specimen-holders.html
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‘%‘ Factors that affect peak positions

0
V

20,ps = 20,5 + A20

P1 P2 P3
tan 260 T sin 26 T tan @

A20 = + P4 Sin O + ps cos 6 + pg

> p1, Py . iIncident beam axial divergence; peak asymmetry (p,)
« Correct axial divergence using Soller slits
* Some asymmetry due to finite detector receiving slit width

> ps. incident beam in-plane divergence (small effect, due to sample curvature)

> p,. absorption (transparency shift error)

+ Due to X-rays penetrating sample, p, = (ZueffR)_l
* Important for thick (>50-1000 um) samples with low absorption coefficients

> pc. sample displacement (displacement off goniometer axis)

> pe: zero error (instrument misalignment, error in source/detector zero angles)
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%, Factors that affect peak intensities

Inki = K X |Frgil® X Py X Epgr X Trig X (LP)g X Ag X DWy

* K: scale factor

* [, structure factor
* Pyi- multiplicity

* Ey;;: extinction

* Thii- preferred orientation

* (LP)g: Lorentz-polarisation factor
* Ag: absorption
 DWy: Debye-Waller factor

—B sin? 60
fT = feXp /’{2

B = 8m%(u?) (u?) = root mean square displacement of atom from average position
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%’ XRPD and sample preparation “crimes” s

ZA® Factors that affect peak positions

.

20,5 = 20,5 + A20

» Sample height:
sample displaced off goniometer axis

P1 P2 Ps + p,sin @ + ps cos 6 + pg

A28 = tan 26 + sin 28 + tan 6

20 offset = zero - 2*Aheight*cos (0) /radius;

» p1, P, . incident beam axial divergence; peak asymmetry (p,)

» Correct axial divergence using Soller slits

* Some asymmetry due to finite detector receiving slit width
» ps:incident beam in-plane divergence (small effect, due to sample curvature)
» p,. absorption (transparency shift error)

+ Due to X-rays penetrating sample, p, = (ZueffR)_l

* Important for thick (>50-1000 um) samples with low absorption coefficients

» ps: sample displacement (displacement off goniometer axis)

» pe: zero error (instrument misalignment, error in source/detector zero angles) /

I R e
X

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



A0

XRPD and sample preparation -erimes-

A |4

ZA® Factors that affect peak positions

R |
20,ps = 20,5 + A20
A20 = P1 + P2 + Ps + p,sin @ + ps cos 6 + pg

> P1.
» Correct axial divergence using Soller slits
* Some asymmetry due to finite detector receiving slit width

» p3:
> ps
+ Due to X-rays penetrating sample, p, = (ZueffR)_l

* Important for thick (>50-1000 um) samples with low absorption coefficients
> Ps.
¥ Pe:

tan26 sin26 tan®

p, . incident beam axial divergence; peak asymmetry (p;)

incident beam in-plane divergence (small effect, due to sample curvature)

absorption (transparency shift error)

sample displacement (displacement off goniometer axis)

zero error (instrument misalignment, error in source/detector zero angles)

» Additional wavelengths:

K, @and K,, if monochromator not aligned.
Cu K; (4 = 1.392 A) if Ni foil too thin.

Sqrt(Counts)

110
100
90
80
70
60
50
40
30
20
10

-10
-20
-30

KB

KB

My v

15

20

T L T T T T T
25 30 35 40 45 50
2Th Degrees

« Old X-ray tubes can give W L, (1 = 1.476 A) from tungsten filament.
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XRPD and sample preparation “crimes” s

Factors that affect peak intensities

Ingt = K X |Fyga|® X Py X Epgy X Tpgy X (LP)g X Ag X DW,

* K: scale factor

* Fp;q: structure factor

* Pyi- multiplicity

* Ey: extinction

* Thri- preferred orientation

* (LP)g: Lorentz-polarisation factor

* Ay: absorption

* DWy: Debye-Waller factor

» Surface roughness:

* intensity reduced as a function of 26

* reduced intensity for low angle peaks

* negative atomic displacement parameters

v

[oeeesesan e
X
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XRPD and sample preparation “crimes” s

Factors that affect peak intensities

Inji = K X |Fygil® X Py X Epgq X Tpig X (LP)g X Ag X DWy \\\\ \\
o« K- /
K: scale factor % / ’/2% ‘/
* Fpq: structure factor ’/Zf
* Pyi- multiplicity

* Ey: extinction

* Thri- preferred orientation

* (LP)g: Lorentz-polarisation factor
* Ay: absorption \\
* DWy: Debye-Waller factor

» Need infinitely thick sample to avoid intensities varying with 26
« Thick sample: constant volume probed as a function of 26
« Thin sample: diffraction volume varies with 26
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XRPD and sample preparation “crimes” @

Factors that affect peak intensities

Intensity diffracted from depth x in sample:

Ingt = K X |Fyga|® X Py X Epgy X Tpgy X (LP)g X Ag X DW,

I IO _2 X
X
« K: scale factor X " sin@ eXp sin @

* Fp;q: structure factor

* Pyi- multiplicity
E,..: extinction What is negligible diffracted intensity?

Ty1- preferred orientation

RN

_ I
= =1000 . (x=0)

* (LP)g: Lorentz-polarisation factor

L -
* Ay: absorption x=t

* DWy: Debye-Waller factor

» Need infinitely thick sample to avoid intensities varying with 26
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Factors that affect peak intensities

Ingt = K X |Fyga|® X Py X Epgy X Tpgy X (LP)g X Ag X DW,

* K: scale factor

* Fp;q: structure factor
* Pyi- multiplicity

* Ey: extinction

* Thri- preferred orientation

* (LP)g: Lorentz-polarisation factor

* Ay: absorption
DWj,: Debye-Waller factor

orientation

» Loss of powder average giving systematic variation in intensities
== ———a

https://www.icdd.com/assets/tutorials/HowtoAnalyzeMinerals-Fundamentals.pdf

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



XRPD and sample preparation “crimes”™ s

Factors that affect peak intensities » How to avoid preferred orientation:
« Capillary measurements
Ikt = K X |Fppq|? X Ppgg X Epjg X Tgq X (LP)g X Ag X DWy C
« Sieving

* K: scale factor

« Spray drying

* Fp..;: structure factor ) .
. « Side/back mounting

* Pyi- multiplicity

* Ey: extinction * Neutron diffraction

Ty preferred orientation | » May be possible to correct for

* (LP)g: Lorentz-polarisation factor

 Ag: absorption » Texture:

* DW,: Debye-Waller factor * Non-systematic errors in intensities

 Harder to correct

» Loss of powder average giving systematic variation in intensities
= = O

https://www.icdd.com/assets/tutorials/HowtoAnalyzeMinerals-Fundamentals.pdf
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XRPD and sample preparation “crimes”™ s

Factors that affect peak intensities » Area of beam must fall on sample for all 26:

/ High 26

Ikt = K X |Fppg|® X Prgey X Epgy X Trgg X (LP)g X Ag X DWy

* K: scale factor
* Fp;q: structure factor
* Pyi- multiplicity

* Ey: extinction
* Thri- preferred orientation / Low 29
* (LP)g: Lorentz-polarisation factor /

* Ay: absorption

* DWy: Debye-Waller factor

» Intensities vary with 26:
« Smaller volume probed at high 26 .. reduced intensities
« Scattering from sample holder at lower 26: extra peaks or increased background

https://www.icdd.com/assets/tutorials/HowtoAnalyzeMinerals-Fundamentals.pdf
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XRPD and sample preparation -efimes”

Factors that affect peak intensities » Area of beam must fall on sample for all 26;
» Variable slits compensate for this:

7 High 20
V4

Ingt = K X |Fyga|® X Py X Epgy X Tpgy X (LP)g X Ag X DW,

* K: scale factor
* Fp;q: structure factor
* Pyi- multiplicity

* Ey: extinction

* Thri- preferred orientation L 29
 (LP)g4: Lorentz-polarisation factor ow
* Ag: absorption

* DWy: Debye-Waller factor

 sin @ correction
* Do not assume Poisson statistics as intensities manipulated
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ZA8 Conclusion
B |

» Design and plan your experiment according to:
 the aims of the experiment;
* the sample;

* the instrument and time available.

» Enjoy getting the most out of suitable, high-quality data.
« (don’t waste time on inadequate quality or unsuitable data) =/

OV
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Laboratory X-ray source

Bremsstrahlung (background)
+ electronic transitions

160 -1
~ y 140 K
by R B Ka
_%120—
Emo-
g 80
é 60 50 kV KB
40
4s Ni 25 kV
10- 3d MIV/ 204
——
0 T T T T T T T T T 8lkV T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Wavelength (A)
T I T T . T ’ 4
- " Medenhall et al., J. Phys. B, 50, 1l|5004, (261 7)
3 My / L. = K2 _
< 1004 © . S 20
) 3s M I - = Ka,, CU KOL
3 ] Sl b .
s e Katgy x 200 emission
0 | Kuaax200 |
B e spectrum
2p ]':m % 5 total x 200
1,000 26 Li] = I
2._ —
Ka, (Ko, [KB I
1._ —
15 ' ' v K B 7 . > ~ i
10,000 0 - S i
8000 8020 8040 8060 8080 8100

ESRF

energy / eV
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Laboratory X-ray source

X

Search lan  Q,

@ Mew S{, o @D B4 T.E' Tl sart aes [T Details

Marme Type Size
D cokad.lam LAM File 1 KB |
% coka7_holzerlam LAM File bes Macros Plugins Help

cokbb_holzerlam LAM File . — .

- = — & ik W
[l crka7_holzer.lam LAM File E] @ @ ¢ @{ . @' Ta E; Ta INP
D crkb3_holzer.lam L& File 0 cukas.lam (CZ\TDDBS—T“BH’I'\}
[ cuklsharp.lam LAM File
[ cukallam LAM File . lam
[ cuka2.lam LAM File . )
[ cuka2_analytlam 0 LAM File 2 ymin on_ ymax 0.0001
D cukad_holzerlam 30/05/2006 19:03 LAM File . la 0 . D l5 9 lo l . 5347 53 lh 3 . 6 8 54
| D cuka3.lam 28,/02/2000 14:54 LAM File
[ cukas_berger.lam 11/10/2013 20:06 LAM File 1 la 0.5791 lo 1.5405%96 1h 0.437
D cukbd_holzerlam 00 16 LAM File ; .
_ - . s la 0.076Z lo 1.541058 1h 0.6

D cuniedge.lam 14:20 LAM File
[ feka7_holzer.lam 16:24 LAM File 4 la 0.2417 lo 1.54441 1h 0.52
D fekbd_holzer.lam 16:24 LAM File ) ) ]
[] mnka7_holzer.lam 16:24 LAM File la 0.0871 lo 1.544721 1h 0.62
D mnkb3_holzerlam 13:47 L&M File
D muokad.lam 01/11/2019 11:18 LAM File
D nika3_holzer.lam 11,0272 LAM File
22items  1item selected 216 bytes E O
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Advantages of a laboratory instrument

- It’s yours. It’s available. No long wait to use it.

- Modern instruments are adaptable and have good
precision and resolution.

- Manufactured to defined specifications.

- Sample environments and ancillary equipment are
commercially available.

- Delivered with useful software, e.g. search and
match, phase analysis, Rietveld refinement, etc.

The European Synchrotron | ESRF



Limitations of a laboratory instrument

Limited 260 resolution, (divergent beams, low X-ray
spectral purity).

Maybe suffer from o o, doublets (unless you have
a pre-sample monochromator).

Limited to fixed wavelengths, CuKoa, MoKao..
Modest flux.

Aberrations due to specimen transparency, surface
effects, sample misalignment, etc.

Limited adaptability.

‘;| s
oy
a l'. Hed



. Transparency or surface aberrations

Diffracted beam spatially shifted
with respect to the ideal beam path
= aberration in 260 (and peak shape)

PSD or
slit
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. Debye-Scherrer geometry susceptible to aberrations

PSD or slit

Beam spatially shifted with
respect to the ideal beam path
= aberration in 26

Diffractometer axis

Page 7 The European Synchrotron | ESRF



Synchrotrons

Nearly 80 facilities producing synchrotron light

HASYLAB (Hamb.
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<>A‘ - - —
M S\;}v’!aREo'rlkcl): 5
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APS, Argonne, 7 GeV Shanghai, 3 GeV

);E\, ~




ANKA

diamond
SULEIL

FAUL SCHERRER INSTITUT

|=l=]

Bty
e
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SINQ+SLS, 2.7 GeV ring ¥
e 53"‘\3 3 .













Synchrotron radiation and powder diffraction

High intensity, collimation and A tunability
U

High angular resolution, i.e. inherently narrow peak widths
Rapid data collection / good statistics

Highly monochromatic X-rays so well-defined instrumental
peak shape (no a,a, doublets, etc)

- A tunable: measure at absorption edges, or well away; optimise
for the experiment

High energies for increased Q range, PDF, or penetrate through
absorbing samples or sample environments

Page 15 The European Synchrotron | ESRF



Storage ring energy = an orbiting electron’s total energy

Electron atrest: £ = m,c?> = 8.1871057880(26) x 10714

m, = electron rest mass = 9.1093837139(28)x10-3! kg
¢ = speed of light = 299792458 m s~

1 eV=1.602176634 x10-1°

£, = 5.1099895069(16) x 10° eV
= 5.1099895069(16) x 1074 GeV

Electron with speed v: £ = y m.c?
1
7/:
V1= (v?/c?)

where

The European Synchrotron | ESRF



. Storage ring energy = an orbiting electron’s total energy

If £, = 1 GeV

= 1 GeV =y 5.1099895069 x 10+ GeV

= y=1/(5.1099895069 x 104
= y=~ 1957 £, [GeV]

- 6GeV=y=11742 = v=0.9999999964 ¢
- ESRF circumference = 844 m

- Electron lap time = 844/¢c = 2.82 us, so 355036 laps s™!
- Ring current per electron = 355036 es '~ 56.9x10-1> A
- Ring current of 200 mA = 3.5 x 10'2 electrons.
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Synchrotron radiation

Emitted tangentially when charged particles
follow a curved path at relativistic speeds

radiation cone -7
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. Bending magnet

Electron
bunch

Synchrotron
Radiation

29,
AL/
bd 3.. ;

Electrons
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. ESRF bending magnet spectrum

3.0

— x107

0
o

o

Flux / 10" [photons/s/mrad/0.1% bw]

lllll

&
=

|

! ! L 1 | 1 I 1 | ! L
40 60 80 100
Photon Energy / keV

o
\®)
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. Insertion devices

Wigglers and undulators
arrays of magnets that cause the electron
path to oscillate and emit radiation.

elageti
S
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ESRF (6 Gev) u35 undulator, G =11 mm gap

'y
(&

o

Photons/s/mm~0.1% bw / 1013

(@]
-

undulators have high vertical
and horizontal collimation

o
N
o

Page 22

40 60 80
Photon Energy / keV

100
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. Ex-vacuum and in-vacuum undulators

« 4/1/2001

G = variable gap between poles to tune magnetic field

ESRF
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. Double crystal monochromator

Crystal 2 is aligned with crystal 1
to transmit A by diffraction.

Highly collimated

\0m monochromatic
3—
A

—

Highly collimated,
polychromatic

Crystal 1 (e.g. Si) selects
A by diffraction, i.e.
e.g. 111 planes A=2d,,,5sino,

PPPPP
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Powder diffractometer with multi-analyser stage

Page 26 The European Synchrotron | ESRF



. Capillary sample spinner
| 7

The European Synchrotron




. 13-channel Si 111 multi-analyser stage

\\ " l

ol
— C by =
: = !’ & B L
| I¥
L = i ‘

3 | 4 (S

Original 9-channel version conceived by J.-L. Hodeau, M. Anne, P. Bordet, A. Prat,
Institut Néel, Grenoble. Hodeau et al. Proceedings SPIE, 3448, 353-361, (1998)

ERE
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High resolution + minimises aberrations

Analyser crystal

Detector

Diffractometer axis



. Analyser crystal

Stringently defines a true 20 ang/e rather than infers 20
from the position of a slit or pixel of a PSD.
- Narrow (sample-limited) peaks with accurate positions

- Peak ||005|t|ons are insensitive to displacement-type aberrations,
sample misalignment, specimen transparency, size / shape /
surface effects, etc.

- Peak widths are independent of any 8/2 6 parafocusing condition
- Supresses fluorescence, Compton, parasitic scatter.
- But it needs to be scanned, so is not as fast as a PSD.
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. High angular resolution

soo00] ST 111 peak

1{1~0.354 A
40000j (35 keV)

E 30000 - 0.0023°
< — N
&
20000 4
10000 4
0O TII--I"I-'I-
6.47 29/06.48 6.49
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. Rietveld fit to LaB; at 35 keV (0.354 A)
[ xs0 xw000
800F

600} F

400f

Counts / 10

200f

D e
R T

I T
| 11 fith i e B
! IBE; ] tiis I 1 i
Porinb i ! fHE s N i HE e b
NN TR g Hil

0 R THIH R IT

10 20 30 40 50 60 70 80 90
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FWHM / mdeg

24}
20t
20}
18}
16}
14}
12}

QN O

FWHM of LaB; at 35 keV (0.354 A)
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Beamline 11 1at Diamond, 45 analyser crystals

\ Si111 crystals (x9)

-

‘L—“

Sample sﬁge
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. Beamline 11 1at Diamond, 45 analyser crystals




Beamline 11-BM at APS, 12 analyser crystals

Y
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. Accurate data

Peak positions = indexing, strain, etc.

Spinning capillaries = more-accurate intensities
(less preferred orientation).

Can choose 4 and capillary size so uxr < 1.5
Usually choose 1 < 1 A
At ESRF we routinely work with & ~ 0.354 A.

PPPPPP The European Synchrotron | ESRF



. Capilliary: scattered intensity vs ur

u= linear absorption coefficient
r = capillary radius

ESRF
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Robotic sample changer

See our YouTube video!!

https://www.youtube.com/watch?v=0Ehf8Logz44

‘f“ﬂ
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. Up to 75 samples, in 5 banks of 15

Up to 15 samples per
bank, 5 banks at a time.

Capillaries can be prepared in advance by 15, on a lightweight plastic support.

R
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Powder Diffraction = Sample Environments

Low temperature:

High temperature:

Gas adsorption:
High pressure:

Electrochemistry:
Strain:
Chemistry:

Etc.

Cryostream N, blower, 80-500 K
Cryostat, > 4 K ?

Air blowers, electrical heaters, mirror and
induction furnaces, etc.

Adsorption cells

Specialised beamlines with diamond
anvil cells

Electrochemical cells
Strain rigs
Reaction cells

The European Synchrotron | SRF



. Sample environments

Cryostream
& blower

Induction
furnace =

~u  LiQquid-He cryostat Apollo 22




Radiation damage




. Radiation damage

Axial translation to expose fresh sample to the beam.

l

A
v

10 mm
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. Mythen strip detector

Page 47

Modular Si-strip
photon-counting detector

Unit =1280 channels, 50um
step, ~ 4.83°, (step =~ 0.004°)

The best 1d PSD for soft and
intermediate energies < 30 keV

Excellent statistical quality
in seconds

Much faster than analysers

Bty
R
o Y i
gt

------
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. 111 Diamond

"Capvilldary samplé ¢ |

- Eieai .,/ on Bgigcle) 7 /£ 1&g 1]4]l
~ Diffrac‘tome)g’r , A ' &
) Y &4 ¢ e 7

A \kgr /_x-ra*g/' "i [
/\.\4’ / )

|
PSD housing on
o-circle
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. Mythen strip detector

Australia

ALBA (Spain)
Mythen and multianalyser
detectors

The European Synchrotron



| ddeecors

Perkin-Elmer/Varex medical
imaging amorphous Si +

scintillator 41x 41 cm? Dectris pixel detectors. Photon
(100 or 200 um pixel) counting with Si or CdTe
(ID22, PETRA-III, APS, NSLS-II, semiconductor sensor.

etc.)

elageti
SR
The European Synchrotron | ESRF



Dectris pixel detectors. Photon
counting with Si or CdTe
semiconductor sensor; Pilatus 2M
Perkin-Elmer medical imaging on BMO1A)

detectors (ID22, PETRA-III,
APS, SLS-II, etc.),
Page st for fast PDF measurements. The European synchvotron | ESRE




2d medical-imaging detector

41 x 41 cm? Perkin Elmer
XRD 1611 medical-
imaging detector for
measurements up to

75 keV.

R
The European Synchrotron | ESRF



. Scanned pixel detector

SESAME MS beamline

Y
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What sorts of experiments?

- Structural studies - crystal structures, atomic PDF analysis, etc.

- In-situ studies - evolution with temperature, time, atmosphere,

voltage, etc., phase changes, solid-state chemistry, gas
adsorption, electrochemistry.

- Anomalous scattering - distinguish neighbouring elements in the

Periodic Table.

- High throughput - many samples, varied compositions or

preparation conditions, etc.

- Quantitative analysis - many phases, trace phases.

. Microstructure - detailed analysis of peak shapes.

- Residual strain - mapping peak positions in components.

- Anything you can fit on. Very flexible instruments!

The European Synchrotron | ESRF



Very fast measurements

Self propagating combustion synthesis

Fast, 2D
detector

= | Jiiie
oy

555555 The European Synchrotron |



| Wehaeignton
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| Wehaeigntion
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. Powder pattern vs time

oS! 12

2 il
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. Synthesis of Jacobsite Fe,MnO,

12Mn,0; + 8 Fe,O5 + 32 Fe + 9NaClO,

= 24 Fe,MnO, + 9 NaCl 50 s

8192 diffraction patterns
5 ms acquisition each

Time =

Phase Transition =

Recrystallization =

First reaction =

Os

Hegetil
S
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50 ms

..'::"-':'--_
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Five—phase Rietveld refinement from 5 ms data

600

200

Intensity (Normalised Counts)

Fay Fi Fay Fiay Fiy Fay PR
Fis Fis Fiy Fiy Fis L L L LR L L L N L N L L L L A R L LI LY Fis
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_200 1 1 1 1

400}

300}

200}

100}

o
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T

I Fe203
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. Evolution of phases

80 . . . .
« Fe
70F -
. FE:E‘IZ?!3
__ 6O} . MHEDS 1
R
E 50F FEE—}{M”HHDﬂr .
= . Fe, Mn O,
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. Anomalous scattering

Foo=2, 7 expQni(hx +ky, +/z,))

where 7, = 7%, + F,+if,
0 = normal scattering form factor
f’, = real anomalous scattering term

i/7, = imaginary anomalous scattering term
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. Anomalous scattering

e.g. enhance sensitivity between Co and Fe

f//

i —: -=': 1.5498 ‘: 3776
I : : 1 [
T T } —

f/

Fe 7112 eV Co 7709 eV
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Luminescent mixed rare-earth pyrosilicates

La,_,Ho0,Si,O-and La,_,Eu,Si,O,

Rare-earth pyrosilicates adopt various structures
Ho-doped material = monoclinic with 2 RE sites
Eu-doped material = tetragonal with 4 RE sites

How are the RE metal ions distributed?

Difficult (even with neutrons because of absorption)

. Tune to La K edge (38.9246 keV < i = 0.3185 A) to enhance
contrast between RE elements via anomalous scattering

f=1Ff+F +if"

J. Phys. Chem. C 117, 20876, (2013); Inorg. Chem. 52, 13469, (2013)
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. Fluorescence spectrum at La K edge

La]_XEUXSIZO7 X = 0.2

EikeV | 2/A | 6,F
«— 389195 | 0.3185 | 2.9125
38.8995 | 03187 | 2.9140
‘>
and 35 keV

T U T u T
2.92 [0} 2.84 2.95
Mono Ang 2.1 em /

Page 66
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35 keV

Kramers—-Kronig inversion using CHOOCH

E(infl)
f* min

lous scattering factors

Ano/a
|
o

A

L 1 |

3.89245%x10% ev E(peak) = 3.80416x10% eV
—8.62 e f** max = 3.86 e
1 ‘ T | T 1] T T
/ frr
:“———.______
- fl -

39000
X—ray Energy (eV)
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. Refine with Topas

space group "“P4l”

prm 'ol 0.80
prm o2 -0. _0.00%942
prm o3 . _0.00837
prm o4 : _0.00512
prm slo = ol+02+03+04 ; : - _0.01360
prm sZo = 0l-02+03-04 ; : : _0.01360
prm 330 = ol+02-03-04 ; : . _0.01360
prm 340 = 0l-02-03+04 ; : : _0.01360
site Lal x xl : _0.00012 y vl : _0.00011 z O occ La+3 = slo
occ Eu+3 = 1 - slo ;
site La2 X X2 . _0.00012 y y2 . _0.00012 z z2 . _0.00005 occ La+3 = s20 ;
occ Eu+3 = 1 - s20 ;
site La3 X X3 . _0.00011 y ¥3 : _0.00011 z z3 : _0.00006 occ La+3 = 830 ;
occ Eu+3 = 1 - s30 ;
site Lad X x4 : _0.00012 ¥y y4 . _0.00012 z z4 : _0.00004 occ Lat+3 = sdo0 ;

occ Eu+3 = 1 - sdo ;

- Fit to three data sets simultaneously
- Partially flexible rigid body for Si,O- units

- Constrain overall RE occupancies to known values
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. Preference for Eu in site 3

60 - Site Re1 . -

. Site Re2 .
% 50 - m  Site Re3 _
Ul | = Site Re4 %
® 40d Nominal
= 40 - omina i
(®]
® .
()]
£ 30+ -
§ i
— 20 i
c
(D) J
c
S 10+ i
c03 1
w o

0 10 20 30 40
% Eu™ in A-La,Si,0,
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. PDF analysis

Pair Distribution Function analysis allows
structural information to be obtained despite a
lack of translational periodicity in
crystallographically-challenged materials, e.q.

glasses,

quasicrystals,

nanoparticles, nanocrystals,

disordered and heavily defective materials,
aperiodic materials, etc.
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. How long to count?

Variable count time to compensate for decrease in
scattering power with @ (form factors, B factors)

- (a)

"%
)
I L]

count time/s

n
|

20 40 60

Shankland et al. ). Mat. Chem. 7, 569, (1997) e cuopeon synevron | ESRE



. How long to count?

Know what you want to use the data for

e.g. for crystallography count until
Rexp= [N/ Z;w;y{obs)?] < 0.02

# 20 range |

6 55-60 | ]
5 50-60 e
4  40-60 ]
3 30-60 [ |
2 20-60 ¢ —
1 Ul e —————

See McCusker et al. J. Appl. Cryst. 32, 36-50, (1999) for general soung .ad¥ic& owon | M
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Limitations of synchrotron diffraction

Page 77

Access - proposal, waiting, travelling, sample shipping, limited
beam time.

Not yours - lack of control of facilities, conditions, options.

Radiation damage for sensitive samples.
Reproducibility of beamline setup?
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. Neutrons

Mass m, 1.67492750056(85) x 10727 kg
Charge 0
Spin V2

Magnetic moment -9.6623653(23) x 1027 T-!
-1.041 875 65(25) x 1073 44

Interacts with atomic nuclei via strong nuclear force and
electromagnetically with unpaired spins.

De Broglie relationship, A = A/m_v
— a neutron moving at 2200 m s-! has 1~ 1.8 A.

Very weakly absorbed, except by certain nuclei, °Li, 1°B, '13Cd,
155Gd, 1°7Gd, etc.
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. Production of neutrons

Nuclear reactor, via fission of 235U.

Remote
handling cell

Spallation source, energetic

particles, usually protons with

kinetic energy of up to 1 GeV, - \ FIBL S
bombard a heavy-element target S\ <
such as Pb, Ta, Hg.
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. Rutherford Appleton Laboratory spallation neutron source ISIS

e
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. European Spallation Source (Lund)
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. Neutron nuclear scattering lengths

No fall off in scattering power with 26,
e.g. for potassium

10"%m.5 |
4..
E
Z 3}
£
(4]
[w=p )
=
5 2
w
G
1..
(i)  Neutrons
0 7 4 6 510
Gin6)/A | 10%cm?’

E i

Page 82 The European Synchrotron | S



. Neutron nuclear scattering lengths

Vary with atomic nucleus, from isotope to isotope

Nb

80 100
ATOMIC WEIGHT

SCATTERING LENGTH b(10"%em)

* NUCLEAR
® MAGNETIC
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. Sample holders for neutrons

Vanadium cans Silica glass

The European Synchrotron | ESRF



Uses of neutron diffraction

Magnetic structures.

Refinement of light atoms, especially when
heavy ones are also present in the sample.

Hydrogen bonding (often via deuterated
sample).
Refinement of systems with disorder, non-

stoichiometry, etc. because “high-26" (low-
d-spacing) data quality.

In-situ studies, complex sample set ups
(because of penetration).

The European Synchrotron | ESRF



Monochromatic angle dispersive

Steady-state source, e.g.
reactor or continuous
spallation source.

A selected by a single-
bounce monochromator.

Multiple detectors
scanned, or PSD.

e.g. D2B at ILL

Gru[f)hiie Collimator] | Neutron flight tube
fiter | |

Adjustable slits '

Monitor Sum Ie
Adiustable slits : Beam stor
Collimator

Detector He?

Multidetector




Monochromatic angle dispersive

(ollimator
 Monachromators

D20 ILL Wombat ANSTO
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Monochromatic angle dispersive

Bty
S
s
e

Page 88 The European Synchrotron | _SRF



. Time of flight technique

Uses a pulsed source (usually via spallation).
Polychromatic beam.
Fixed-angle detectors.

Wavelength of each detected neutron is calculated
from its time of flight ¢ from source to detector at
distance L.

De Broglie = A= A/myv=h~h/m_ t/L

Thus A= h/m, t/L =2dsin6
d= ht/| (2m,L sin@)

‘;| s
oy
a l'. Hed



HRPD at ISIS
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TOF diffractometers usually have multiple detector banks

90° Detectors

Backscattering

Detectors Low Angle (28-32°)

Detectors

Guide Tube
- : | . Beam

Stop

Tm 2m
Sample Sample
Position Position
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o » HRPD at ISIS

Forward

90°

Backscatter
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Other time of flight diffractometers

°
140 - 170° Rty

GEM ISIS

POWGEN ORNL
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Si

_,*_,M.,MMHLPUUMU{ U ! .JL_.——JL!
0.5 1 1.5

, .2 T o5
d-spacing (A)

THEE
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. Lecture Notes
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Session 13: Introduction to Software/Problems
and Interactive Rietveld Refinement

Prof. John S.O. Evans

Durham University, Department of Chemistry
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Ei“ TOPAS and TOPAS Academic

0
V

« Useful for teaching as can input equations, see everything in file very quickly

« Powerful and flexible
— Powder, single crystal, PDF and other data (NMR, spectroscopy)
— X-ray, neutron
— Constant A, time of flight, energy dispersive
— Structural models, Pawley fitting, peak fitting, fit_obj user fitting
— Restraints, constraints, only penalty fitting
— Multi phase, multi histogram
— Non crystallographic applications
— Simulated Annealing for structure solution
— Distortion Mode refinements
— Magnetism
— Parametric refinements, stacking mode refinements, etc, etc

* Quick and stable — fight the science not the data

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/
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% TOPAS Academic INP/OUT files

0
v

A ®

INP file with all the instructions q | OUT file wit_h all the instructions
and model parameters and refined parameters

(or topas)

, Copy OUT to
INP

<

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



2
N

n
v

TOPAS graphics and windows

L) TOPAS-Academic-64 V862 - [d5_05005.raw_1] — o X
File View Fit Launch Tools Window Help 5 T B M *x - & x
DB HdaZA LAY BE o T 4 E x v duha WKW s o
5 [ Global > M ﬁ Bvi V1

-[®] d5_05005.raw_1 ; . iros *e.u“ e .
> 13 :?e 1.62 Rwp 15.e18 -8.8083 MC 2- Reflne (F5)
14 Tipe 1.62 Rwp 15.018 -8.000 MC
--- 1.§425 seconds ---
File zf\data\topas_workshop\tio2_rietveld\d5_@5@85_fit_@1l.out updated
rom last iteration |
1. Parameters (F2) Run (F6)
B Launch-Maode: 1-\\A:l:\fnp:c_mnrlrchnp\‘fin‘)_rinh:nld\‘dﬁ_nﬁmﬁ_f'ﬂ_n1 inp
T [Nl o x
20 - - - - - - - - - - - - - -
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
J[ . 3. Quick zoom
JL A Jl. A L JP'LI"- - A
6,000 1 rutile 100.00 %
4,000 - 4. Plot
2,000 A JL J\J
0 JL i\_)L h MM JlU1 e An An
JLF — ;
-2,000 - : : : I : 1 L L : "‘.|(21 1) EI=‘I.68769| L1 L1 | [ L
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 9
x=21.17739 y = 7691 d = 1.800253
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TOPAS simplest launch mode INP file

%%==F
'"Minimum INP file for Simple Rietveld
‘Overall information, dataset (xdd) information, structural (str) information
r wp 10.3215283 r_exp 10.0886011 r p 7.10082635 gof 1.02308815

iters 100
chi2_convergence_criteria 0.001

xdd y203 demo.xye
X_calculation_step = Yobs_dx_at(Xo);
bk @ © 0 0
LP_Factor(!th2_monochromator, 27.26)
CuKal(0.0001)

str
space_group
site Y1 X 0.25 y 0.25 z 0.25 occ Y+3 1 beq 0.25
site Y2 X 0.97 y 0.00 z 0.25 occ Y+3 1 beq 0.25
site 01 X 0.39 y 0.15 z 0.38 occ 0-2 1 beq 0.25

TCHZ Peak Type(pku, ©.039,pkv, -0.02,pkw, -0.001,!pkz, 0.00,pkx, 0.009, pky, 0.001)

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



2
N

<

X

0
v

Software interface — topas-editor

Menus to do the most common things

TOPAS academic and commercial

Light and dark schemes
Easy to install, customise and auto-update

File Edit Selection - <~

COMMANDS: VIEW

+tE&0

B> Send INP to TOPAS [ctrl-ts] 4
%% Run TOPAS Academic [ctrl-ta] €
& Run Bruker TOPAS [ctrl-tb] €

D Run TC on INP [ctrl-tc] €

[®] Archive INP file [ctrl-tx]

> B3 TOPAS_Durham

> B3 TOPAS_v7_Menus

> B3 TOpyAS

> B3 VS Code+TOPAS commands
> B3 VS Code+TOPAS setup

®O0A0 B SendtoTOPAS &7 RunTA & Run Bruker TOPAS D RunTC 2 Comment

O Search

y203_screeninp X

1

: > Users > dchOjse > data_sabbatical > talks > stuttgart_school_2025 > y

8-

'Input file for Simple Rietveld or Pawley refinement

r_wp 10.3215283 r_exp 10.0886011 r_p 7.10082635 weighted_Durbin_

iters 1ee
chi2_convergence_criteria ©.ee1
'do_errors

xdd y203_demo.xye

03_tutorial >

ppoDgam - u] X

x_calculation_step = Yobs_dx_at(Xo); convolution_step 4

bkg @ 23.767976 |
One_on_X(@, 505.623591")

'Bragg Brentano Ge(11l) mono Cu Kal PSD

LP_Factor(!th2_monochromator, 27.26)

CuKal(e.eee1)

Specimen_Displacement(height, ©.100678208" )
Insert_Peak(tth, 18.838636 ,!lor, @,fwhm, 4.97386418 min 6.01

exclude 67.3 67.5

‘information if doing fundamental parameters or simple asymmetry

Radius(217)
Divergence(1)
axial_conv

filament_length 12
sample_length 15
receiving_slit_length 12
primary_

secondar (1) Backup file created: c\Users\dchOjse\data_sabbatical\talks\stuttgart_sc...

slit_width(e..)

'structural () INP File successfully sent to TOPAS

str

Ln 9, Col 22

Spaces:4  UTF-8

LF {) TOPAS &8 (2

 New commands/ways of working
« Ctrl-t keys: ta, tc, ts, etc

 Pop up help

* Integrates well with python

Topas archive inp file

Topas import CIF

Topas insert structure

Topas remove esds/limits from INP file
Topas remove refined marker flags
Topas save and set as INP file

Topas toggle comment block on or off

Align-columns
Change All Occurrences
Refactor...

Source Action...

Ctrl+T Ctrl+X

Ctrl+T Ctrl+1

Ctrl+T Ctrl+E
Ctrl+T Ctrl+R
Ctrl+T Ctrl+S
Ctrl+T Ctrl+/

Ctrl+F2
Ctrl+Shift+R
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2B TOPAS INP file layout: keywords and scope

A |4

'Refinement controls and overall instructions

r_wp © gof 0
iters 100

xdd filename.xye ' First data set to fit

bkg @ © © ©

LP_Factor(!th2_monochromator, 27.26)

CuKal(0.0001)

Specimen_Displacement(height,0)

str ' Information about structure 1
space_group Ia-3
site Y1 x @y @ z @ occY 1beq@©0.2

str ' Information

about

space_group Fm-3m
site Cul x @y © z @ occ Cul beq @ 0.1

xdd filename2.xye ' Second data

str ' Information
str ' Information
hkl_Is ' Information
xo_TIs " Information

fit_obj ' Information

' Whatever is

about
about
about
about
about

needed

structure 2

set to fit

structure 1

structure 2

a Pawley phase for sample holder
a peaks phase for impurity

user object for e.g. background

' Overall information for each xdd

for xdds { ...

for strs { ... } ' information for each str in each xdd

}

Flexible

Multiple data sets, multiple
structures

Mix fitting of structures, intensities,
peaks, etc

Syntax

Keywords colour coded for clarity
Fixed numbers blue, refined red
Comments in green

Scope

height could belong to an
individual str

height could belong to all str’s in
an xdd

for {...} feeds into multiple
places
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% TOPAS/topas-editor demo

O
4

* Demonstration of jEdit to refine TiO, from laboratory X-ray data
* This is one of this afternoon’s tutorials

« Either use menus or use templates

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



% Fixed/refined unit-cell parameters

n
v

str 'fixed cell parameters for orthorhombic structure
a 7.31192
b 7.53699
C 7.69967

str 'refined cell parameters with @ symbol
a @ 7.31192°
b @ 7.53699
cC @ 7.69967

str 'refined cell parameters with parameter names
a lpa 7.31192°
b 1lpb 7.53699°
c lpc 7.69967
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Refining parameters — using names, macros or equations

20
|

str 'cell parameters for cubic structure with names
a lpa 10.60992
b lpa 10.60992
c lpa 160.60992

str 'cell parameters for cubic structure in a macro
Cubic(@ 10.60992)

str 'cell parameters for cubic structure with equations
a lpa 10.60992
b = 1lpa;
c = Get(a);
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Fixing parameters with ! outside and inside macros

20
|

str 'fixed cell params for a cubic structure
a llpa 10.60992
b llpa 10.60992
c llpa 10.60992

* N.B. topas-editor column editing — hold down ctrl-alt and type all 's at once

'a TOPAS macro for zero point
Zero_Error( , 9.000 ) 'fixed zero point
Zero_Error( @ , ©0.0137) 'refined zero point

Zero_Error( !zero, 0.000 ) 'fixed zero point with name
Zero_Error( zero, 0.013°) 'refined zero point
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% User-defined equations

0
v

*Zero_Error(zero, 0.01) macro expands to (topas.inc):
prm zero 0.01
th2 offset = zero;

"'more complex 2-theta correction in input file:
prm zero 0.01

prm corrl 0.003

prm corr2 0.001

th2_offset = corr2 * X*2 + corrl * X + zero;

'silly(?) example of TOPAS equation:
prm zero 0.01

prm corrl 0.003

prm !date 21 'st April

th2 offset = zero + corrl * date;
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% User-defined equations

0
v

« TOPAS has flexible system for defining your own equations
« A “programmable program”
* e.g. GSAS might have something like:

Shft (0.00): | -10.12 |[.”

Zero (0.00): | -2.311 | |

corr = 3600*shft/p*radius
20,pc = 2qcc + zero - 2*corr*Cos(q)

« TOPAS has this pre-written or anything you want:

"TOPAS height/zero point correction in input file
prm zero 0.01

prm height .15

th2_offset = zero - 2*height*Cos(Th)/radius;
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0
v

Simulated annealing

Flexible simulated annealing approach for complex problems with multiple minima:

'flag for simulated annealing:
continue_after_convergence

'explicit expression in input file

val _on_continue
val _on_continue

Val + Val * Rand(-0.1,0.1);
ideal coor + Rand(-0.1,0.1);

‘or to perturb proportional to errors:
randomize_on_errors

‘or something built-in optimised for structure solution:

Auto _T(5)
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% TOPAS interactive session

0
v

* Group therapy refinement on Y,0,

DP Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



% Running tutorial problems — session 14

0
v

* Rest of afternoon is hands-on practical Rietveld refinement

* Use topas-editor to set up input files

* You only need to launch TOPAS once

 Initial problems have very detailed instructions, later ones much more vague
» Later problems on different data types, restrained refinement, etc, etc

] File Edit Selection - = /O Search 8- B DB O - u] X
COMMANDS: VIEW + B &8 y203_screeninp X L0} oco
B> Send INP to TOPAS [ctrl-ts] € C: > Users > dchOjse > data_sabbatical > talks > stuttgart_school 2025 > y203_tutorial > y203_screen.inp |
€7 Run TOPAS Academic [ctrl-ta] € 1 ‘Input file for Simple Rietveld or Pawley refinement e
& Run Bruker TOPAS [ctrl-tb] @ 2 r_wp 10.3215283 r_exp 10.0886011 r_p 7.1@082635 weighted_Durbin_ 7 _‘
i =
> RunTC on INP [ctri-tc] @ 3 dters 109 [T
X . 4 chi2_convergence_criteria 0.001 L]
[®] Archive INP file [ctrl-tx] K S o
5 do_errors =
> B3 TOPAS_Durham 6 g
> B3 TOPAS_v7_Menus 7 xdd y203_demo.xye =
> B3 TOpyAS 8 x_calculation_step = Yobs_dx_at(Xo); convolution_step 4
> B3 VS Code+TOPAS comman ds o bkg @ 23.767976|
> B3 VS Code+TOPAS setup e One_on_X(@, 55.623591")
@ 11 'Bragg Brentano Ge(11l) mono Cu Kal PSD
12 LP_Factor(!th2_monochromator, 27.26)
12 Furaiia coar)
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"2‘5‘ Rietveld/Pawley problems

0
V

« Tutorial 3.2 — TiO, Rietveld and Pawley

« Tutorial 3.6 — the Y,04 example with some twists from the demo

« Tutorial 3.7 — ZrW,0O4 X-ray/neutron/neutron time of flight

* Tutorial 3.8 — Multiphase Rietveld refinement

* Tutorial 3.9 — LaMnO, with no instructions (Q6 from Symmetry problems)
* Tutorial 4.4 — Jeremy’s PbSO, example

» Tutorial 4.5 — Combined X-ray and neutron refinement (also gsas3/gsas4)
« GSAS (later) — Jeremy’s PbSO, data

« Tutorial 8.1 - Quantitative Rietveld refinement
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% Lecture notes

0
v
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% Lecture notes

0
v
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Session 16: Peak Shapes

Prof. John S.0O. Evans

Durham University, Department of Chemistry
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Counts

2
N

0
v

What do we have to think about in the Rietveld model?

<«— 3. Shape/fwhm: instrument
- and sample contributions

16,000 Observed
14000 Calculated
! Difference
12,000 -
10,000 -
8,000 A
6.000- 28.8 29 29.2
' 2Th Degrees
4,000 1
20 25 30 35 40 45 50

2Th Degrees
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Peak shapes — opinion 1

A0
| J
« Peak shapes are a nuisance. For Rietveld refinement we only fit peaks to get a sufficient

agreement between y_, . and y_,,. to give us an accurate intensities for a structural model
« We're therefore not interested in the mathematical details of the peak shape model

« Failure to fit the finest details of the peak shape (e.qg. tails of the peaks) isn’t very important, minor
wiggles will probably cancel each other out

574 5745 575 5755 576 5765 57.7 57.75 578 5785 !
2Th Degrees
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% Peak shapes — opinion 2

i
V
» Peak shapes in a powder diffraction pattern result from a combination of instrumental effects and
sample effects (size/microstrain/stacking faults)

* There is a wealth of fascinating information contained in experimental peak shapes and we
should worry about every last detail of the peakshape

574 5745 575 5755 576 5765 577 5775 578 57.85 !

2Th Degrees
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% Peak shapes — 3 approaches

0
V

 Empirical peak shapes
— Available in most Rietveld packages
— Whatever function fits the data is good

 Fundamental parameters
— Instrumental contributions to peak shape
— Sample contributions to peak shape
— Excellent fits with very few parameters

« Semi empirical

— Define instrument with an empirical function (IRF for Instrument Resolution Function)
— Convolute IRF with sample contribution
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%, Empirical peak shapes in powder diffraction
1/2
Gaussian: G = Co exp —Co(26 —26p0)* “‘Rietveld refinement in Excel”,
fwhm - 1/2 fwhm? Evans and Evans, J. Chem.

Educ., 2021, 98, 495-505

c;/? (26 — 26py,)°
an:  L=—-————1/|1+C
Lorentzian: Fwhm -7 /[ L fwhm? ]

Pseudo Voigt: pV =nL + (1—-1n)G

C,=41In2, C; =4, 26 = diffraction angle in
question, 26,,,the peak position, 7= mixing
parameter.
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% Empirical peak shapes in powder diffraction

0
v

.50 | T T T T T T T T T T T T T T T 1 T

.o | Lorentzian 1 « (Gaussian has rounded maximum and small tails
Al ]
| Gaussian * Lorentzian sharper near maximum but has long

tails away from peak
 fwhm broader for Gaussian

(.50

020

Lerentzian #Gaussian Distributions

« Pseudo Voigt mixes the two functions

0.0 L

pV=nL+(1-n)G

 Mixing n0 to 1

www.phys.unsw.edu.au/~mgb/pics/gausscauchy.gif
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|

Empirical peak shapes in powder diffraction

7,500
7,000+
6,500
6,000
5,500
5,000
4,500
4,000
3,500
3,000
2,500
2,000
1,500
1,000

5004

-5004

-1,000
-1,500

T T T T T T T T T T T
56.85 569 56.95 57 57.05 57.1 57.15 57.2 57.25 57.3 57.35

T T T T T T T T T T T T T T T T T T T T T 1
574 5745 575 5755 576 5765 57.7 5775 57.8 57.85 579 5795 58 5805 581 5815 582 5825 583 5835 584 584

2Th Degrees

Lorentzian R, =19.9%

56.85 56.9 5695 57 57.05 571 5715 572 5725 573 57.35

574 5745 575 5755 576 5765 57.7 57.75 578 57.85 579 5795 58 5805 581 5815 582 5825 583 5835 584 584

2Th Degrees

56.85 569 56.95 57 57.05 571 57.15 572 5725 57.3 5735 574 5745 575 5755 576 57.65 57.7 57.75 57.8 5785 579 5795 58 5805 581 5815 582 5825 583 5835 584 584

2Th Degrees
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% Empirical peak shapes in powder diffraction

O
4

1/2
Gaussian: fwhm=|Utan260 +Vtan6 + W + % V77 11 2% 7 (e 4
cos2 0 refinable parameters
. _ Peaks can be anisotropic -

Lorentzian: fwhm = Xtan6 + cos 6 shape depends on hk/

0.60

0.50

0.40
€
g 0% Tutorial 5.1

0.20

0.10

0.00 ‘ ‘ ‘ ‘ ‘ ‘ ‘

0 20 40 60 80 100 120 140 160

2-theta
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% GSAS/TOPAS interfaces

n
v

Lam (A): ( 1.540560) | 154056 O 1| Parameters F2
Zero (0.0000): 00 m v L3 Global Structure| | Microstructure| Peak Type | hkls| | Additi

..... {4 Cloud Computing

.3 Background Value Code Error
Peak Type PV_TCHZ

Polariz. (0.5560): | 0.556 | ]

U (15.174): |15.1?4 | > 23 Instrument
- » [ Corrections - Convolution

V (-27.411); -27.411 : :
| | - Miscellaneous - 0 . le_ 0
W (13.837); | 13.837 1= [ Display v 0.06474  Refine 0
T — : W 0.0102 Refine 0
X (-1.720): | 172 | {22 Filter scans for display . o - :
| - > 13 Al Structures/hkl Phases — =
¥ (6.930): ||5.93 | o -[] d8.0079%6.ram, 1 X :.,:_.-:1 7 Ref?ne g
Z (0.000): | 0.0 | L] [ Emission Profile L 0.023)) Refine
SH/L (0.01685):: [ 0.01685 1O L Background

4 Instrument

"TOPAS TCHZ peak shape function
TCHZ_Peak_Type(!pku, ©0.00000, pkv, 0.06474" , pkw,0.01020 , !pkz, 0.0000, pkx, ©0.0417 , pky, ©0.02355")
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% GSAS/TOPAS TCHz function

O
4

* Modified Thompson-Cox-Hastings pseudo-Voigt

['c=(U tan‘e +Vtane + W + Z/ COSEB)D'S
[ =Xtanbd +Y / coso
with U, V, W, X, Y, Z as refineable parameters.

n=1.36603 q- 0.47719q° + 0.1116 q°
where
q=I./T
= (T +AlG'T, + BIo'T\2 + CIeT, > + DIl * + T,%)%? = fwhm
A=209269, B=242843, C=4.47163, D =0.07842
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ﬁ Look in topas.log or topas.inc to see what's happening

0
v

"TOPAS TCHZ peak shape function
TCHZ_Peak_Type(!pku, ©.00000, pkv, 0.06474" , pkw,0.01020 , !pkz, 0.0000, pkx, 0.0417 , pky, ©0.02355")

macro TCHZ_Peak_Type(u, v, W, z, X, y)
{

x Tan(Th) + y / Cos(Th);
Sqrt( Abs( u Tan(Th)”*2 + v Tan(Th) + w + z / Cos(Th)"2) );

local #m_unique tch p 1
local #m_unique tch _p g
local #m_unique tch p =

(

tch p g"5 +
2.69269 tch_p g™ tch p 1 +
2.42843 tch p g3 tch p 172 +
4.47163 tch p g”2 tch p 13 +
0.07842 tch p g tch p 17 +
tch_p 175
)"0.2;
local #m_unique tch_q = tch p 1 / tch_p;
peak_type pv
pv_lor = 1.36603 tch_q - 0.47719 tch_g”*2 + 0.1116 tch_qg"3;
pv_fwhm = tch_p;

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



%’ Fundamental parameters convolution approach

 Peak widths depend on
— X-ray source contributions
— Instrumental contributions
— Sample contributions

« Convolution or folding “blends” these functions together

(Source @ In;*trument) X Sample = Y1(20)

(or empirical instrumental Overall peak shape
resolution function IRF)

(0.0]

£(26) ® g(26) = j £(26) g(26 — 26)d(26") = j (26" £ (26 — 26")d(26")

— 00
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% Contributions to peak shape

n
v

(Source Q Instrument) @ Sample = Y (260)

/
Detector .i
% =
M Detector f

Aial slit ¥
Emission Profile Divergence
ten( &) X-ray tube 512 cot( 26)

>4

- So::e
19/ slit
H N

Divergence
j slit
i v T #
o T e Secondary k3
\\ Monochromator
=] ) Anti-scatter E
._ slit 17 LaBg (100)
- SRM 660 ]

80 o WxGeqx GacxS

Ahsorption Crystallite Size Strain 0 T T T T 1
Sln(z 8) 1 AB 1/ (CDS(B) CS) STR ta_n(e) 2110 2120 21.23(3 [02201].40 21.50 21.60
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&: An instrumental contribution

n
v

>
2-theta
o
5
Q
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% Definition of convolution

O
4

» The process of convolution is one in which the product of two functions f(20) and g(26) is
integrated over all space

oo

£(26) ® g(26) = j £(26") g(26 — 26")d(26") = j (26" £ (26 — 26)d(26")

— 00

* |In simple terms, convolution can be understood as "blending" one function with another,
producing a kind of very general "moving average". The convoluted function is obtained by
setting down the origin of the first function in every possible position of the second, multiplying the
values of both functions in each position, and taking the sum of all operations.

« See e.g. https://Ipsa.swarthmore.edu/Convolution/Cl.html

* |If you have an old java-compatible browser: https://pages.jh.edu/signals/index.html
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https://lpsa.swarthmore.edu/Convolution/CI.html
https://pages.jh.edu/signals/index.html

%’ Convolution in crystallography

atoms X) lattice = structure

Reference: J.K. Cockcroft, Powder Diffraction and Rietveld School, Yesterday.

=3 ® S At At et

regularly-spaced delta functions
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% Sample contributions — domain size

0
v

« Scherrer formula

* Kk a constant

- L, is volume weighted mean column height

» For cubic crystals and h0O0 reflections only it is equal to L, in figures below
» Derivation in “Rietveld Refinement” book P8

/ /::L -
kA | /[
fwhm — a axis e | [ —a L
Ly, cos 6 hoO refl’s \ )
N
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% Emma’s slide: multiple slits

n
v

1 1 :
Single Slit Diffraction Double Slit Diffraction Three Slit Diffraction Five Slit Diffraction B
Single slit Single slit Single slit ‘

envelope envelope I envelope et

l I T ) — ! Trea, N I e _
-..-'I=‘__1___ - I '-=f______ I "-#___-
.'. E
4
Coherent wavefronts v
from two slits ;
coherent screen
monochromatic . .. \\
\ | B

I €
/i
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2
N

Domain size broadening

n
v

~8 nm

(b)

(a) ~2 Nm
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
10 20 30 40 50 60 70 80 90

2-theta

<< >
3 nm, 1100 atoms
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% Size distribution

0
v

« Make sure you're measuring the same thing with different techniques

Fig. 3-18: Schematic representation
of & column height distribution glch)
showing the following charactenstic
points:

£ Lasax - most probable value

- .
La - meadian
Luywn  © Number weighted mean
Laea  : @rea weighted mean
Lol - volume weighted mean

L B S S L R e N
0.00 10.00 20.00 30.00 40.00 50.00 80.00
L {nm]

For monodispersed spheres: L,,,= 1.5 * radius
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10 pieces
each

10 pieces
each

5 melons @ 30 cm
5 grapes @ 2 cm

‘JL 16 cm average 10 oranges @ 16 cm
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% Sample contributions - microstrain

0
v

» d-spacings of d+4d and d-4d
L 50=Ad/d
* Assume Bragg's law gives different 24 for different d-spacings

fwhm = 4¢5tan 6

| |
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% Sample contributions - microstrain

0
v

»
>

No strain

v

m
v

\ Microstrain — inhomogeneous strain

»
>

LY
1
e N
o E— E/} - Macrostrain — homogeneous strain
\\
P
X

. -
v
A
N

1N ol . . .
// ‘/\\\ Microstrain and macrostrain

»
>

26

Figure 13.4 PD peak profile for zero strain (no macrostrain and no microstrain) (a),
(tensile) macrostrain (b), microstrain (c) and combined effect of micro-
strain and macrostrain (d). Strain (¢) is plotted on the left as a function of
the position within a material microstructure sketched in the middle
drawing.

Paolo Scardi, Powder Diffraction, Theory and Practice
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X-ray size/strain from peak shape

110000*;”” =
100000% E
3 4.5
90000 . 4.0 1 |—e—1/cos(th)
E Size: 324(110) nm 25| | e tanttn
w0 | Strain: 0.1637(40) g20]
70000% g 2.0 - Size
Z 3 Size: 20.4(8) nm o e _
60000 — i 1.0 4 Straln
g - Strain: 0.138(7) 0 {
£50000 — 0.0 T T T T T T T T
E 0 20 40 60 80 100 120 140 160 180
40000 é 2-theta
30000% *
20000% ,
10000% b “ ” *
E__.....gm/\— W k PN i it . 3
0 m\\H‘HH‘HH‘\H\‘TH\‘\\W‘HH‘HH—‘TW‘HH‘HH“HT‘HH‘HH‘HH‘HH‘HH‘HH‘HHHH‘HH‘HH‘HH‘HH‘H\\‘\H
10 20 30 40 50 60 70 80 90 100 110 120 130 140

2-theta

« Size broadening — “broad over whole 2-theta range”
« Strain broadening — “narrow at low 2-theta”
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-~ school/

c.uk/pdrr
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= TOPAS: joy of convolution

A
N

)

Topas demo (inspired by Arnt

File: conv_joy 01.inp




TOPAS language

20
|

"instrumental contributions here
xdd data.xye
Radius(217) 'diffractometer radius
Divergence(l) 'divergence slit deg
Slit Width(0.1) 'receiving slit
axial_conv
filament_length 12
sample_length 15
receiving slit length 12
primary_soller_angle 5.1
secondary_soller_angle 5.1

"'sample contributions

str
CS L(size lor, 329.49186) 'size term nm
Strain_G(strain_g, 0.04939) 'microstrain term
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Different contributions to peak shape: LaBg

source ® equatorial source ® equatorial

source profile e—— source ® equatorial *—» ) —> :
® axial ® axial ® sample
Irel Irel Irel - Irel | 20
— - 100 — 100 —
197 LaBg (100) 997 LaBg (100) | LaBg (100) LaBg (100)
1 SRM 660 1 SRM 660 1 SRM 660 1 SRM 660
80 4 W 80 — WXGEq 80 — WXGEqXGAx | 80 — WXGEqXGAXXS
60 60 -
40 ‘ 40 -
20 — 20
21.10 21.20 2130 2140 2150 21.60 2110 21.20 21.30 2140 2150 21.60 2110 21.20 2130 2140 2150 21.60 2110 21.20 2130 2140 2150 21.60
20 [20] 20 [°20] 20 [20] 20 [°20]

Source profile much

Peak maximum not at

Peak broadened by Peak now has

sharper then
observed peak

instrument

asymmetry calculated 26
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3,000+
2,5004
2,0004
1,500+
1,000+

500+

3,000+
2,500+
2,000+
1,500+
1,000+

5 0 0 1 lt.‘ll!.‘.'..

Matching the instrument/measurement to the sample/science

0.05 mm detector slit
Infinite domains

AIVO4  100.00 %

B

2Th Degrees

0.20 mm detector slit
Infinite domains

4 x faster

462

464

46.6

468

AIVO4  100.00 %

47

2Th Degrees

462

464

466

468

47

3,000+

2,5004

2,000

1,500+

1,000+

500 goeess®”

0.05 mm detector slit
500 nm domains

AIVO4 100.00 %

C

eotecotecctesoteres
| | | [ 11 [ | [
T

458 46 462 464 466 468 47

2Th Degrees

45 452

A to B: lower resolution means poorer information but
allows significantly faster data collection

A to C: smaller domains broaden peaks and hkl-
resolution lost — could just use lower resolution faster
measurement

A/B to C: if you want to determine particle size
instrumental broadening contribution in setup B may
dominate sample contribution
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Peak cut off

20
|

T SE ) P e
Av4
L B e B B B A N S e B L B e I B B B L B m
479 48 481 482 483 484 485 486 487 48l 479 48 481 482 483 484 485 486 487

2Th Degrees 2Th Degrees
CuKa2(0.1) CuKa2(0.0001)

GSAS: W 0.1
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Clare’'s Cu,WS, — hkl dependent fwhm

fwhm vs 26 may reveal odd things
2 phases? Anisotropic peak broadening?

CleWss 100.00 %

96
94
% 020
90
88
86
84
82
80
78
76
7 002
72
70.
68
66.
64
\ \
325 33 33.5 34 34.5 35
2 Theta /°
CWWS4 100.00 %
180: 010
170
160:
150 001
140
130.
120.
110:
100:
90
80
70 :: ::
15 15.5 16 165 17 17.5 18 185
2 Theta/®

FWHM

1.6—-
1.4—-
1.2—-
104
0.8—-
0.6-:
0.4-

0.2 H

60 70

2 Theta /°

80

T I L} 1 I
90 100 110 120 13C
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"%‘ hkl-dependent peak shapes

0
V

* Relatively common to find peaks have width (or asymmetry) that is hkl-dependent

« Consider using the Stephens/Popa approach (e.g. J. Appl. Cryst. (1999). 32, 281-289)

fwhm = d%/s400 X h* + s040 X k* + s004 X [*+...+s112 X h X k X [2Tané

 Refine s400, s040, etc

« Consider convoluting an additional hkl-dependent function onto peak shape (e.g. a spherical
harmonic function) - [see “Rietveld Refinement” Chapter 4]

« Consider more exotic empirical convolutions (e.g. for clays)

« Consider a “stacking fault” or “diffax like” Rietveld refinement
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Stacking fault refinements

20
|

* hcp/ccp diamond intergrowth

« 100 x100 layers

« Magic smoothing

* Mimics ~50000 layers

« “Cell” ~100000 A

1 parameter peak shape

[ntensioy (Arbitrary Units)

sqrt(intensity)

Lewis, Evans,
Coelho, J. Appl.
Cryst., 2016

Observed
Calculated

50.0

60.0

g b
N R
b

cubic

1 hexagonal

cubic

hexagonal

7 cubic
J hexagonal
cubic

70.0
2-theta /degrees

90.0
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% Sample contributions - caveat

O
4

* Be careful!
- Easy to make bad mistakes with size, strain, anisotropic peak shapes etc

« Read the literature carefully

« e.g. for size/strain https://topas.webspace.durham.ac.uk/tutorial-wppm/ and links therein
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_%’ Tutorial 5.1 (a bit involved!)

« Take an experimental data set
« Determine fwhm for all peaks and plot in excel

« Use excel to fit fwhm=£(20) functions
— fwhm = (U tan?0 + V tano + W)0>
— fwhm=U20%2+V20+ W
« Try these same functions in a Rietveld refinement in TOPAS
* Try a fundamental parameters approach in TOPAS and get a better fit with fewer parameters.

- A'ﬁ‘/)//.
£ 030 | *
2
0.20 |
*
0.10 e .

0 20 40 60 80 100 120 140 160
2-theta
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% Peak-shape related tutorials

O
4

* You could try:
— Tutorial 5.2 — playing with convolutions
— Tutorial 5.3 — fundamental parameters fitting
— Tutorial 5.4 — Size/Strain analysis on the CeO, round robin data with an empirical instrumental function
— Tutorial 5.5 — approximating the size of nanoparticles
— Tutorial 5.6 — Whole Powder Pattern Modelling (WPPM) tutorial by Paolo Scardi
— Tutorial 5.7 — stacking fault refinements
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28 Problems for this session
|
1. Session 16 Q1

2. Session 10 Q3 — make sure you've done one composition at two different wavelengths to see
the difference

3. If you can grab a tutor for discussion, Session 11 Q5
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% Lecture notes

0
v
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% Lecture notes

0
v
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% Lecture notes

0
v
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Session 17: Restraints, Constraints, Rigid
Bodies and Information Content

Prof. John S.O. Evans

Durham University, Department of Chemistry
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% Data compression

n
|

Single (b)_%%/f. @ Differently oriented

crystal 6&@ single crystals
Polycrystalline | (d)

material | SR J\ J\

\ 4

2-theta
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12,000
11,000
10,000
9,000
8,000
7,000
6,000
5,000
4,000
3,000
2,000
1,000

L1 v e s sy gl N bl agras il A Pt o g
TR I

-1,000 T I T T R BT MTTTRATTRRREIE T
10 15 20 25 30 35 40 45 50 55 60

A 4

20
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2
N

O
4

Insufficient information

Powder pattern 3D diffraction data compressed onto 1D

Loss of “information” relative to a single crystal experiment

Single crystal people like 10 observations (10 hkl reflections) per refined parameter
How many “observations” do we have in a powder pattern?

Is it the number of data points? Is it the number of hk/ tick marks?
5-80° 0.02° steps = 3750 observations (hooray!) 534 predicted reflections (hooray-ish!)

10,0004 ANVO4 100.00 %
9,000+
8,000+
7,000+
6,000+
5,000+
4,000+
3,000+
100 WMMWMMMMMW
1,000+
04 - s . Ao
-1,000 1 I 1 NI O WY 110 OO RO WI O VT OO YA W0 T T TW TR TG YW W Qe Ty o T
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 8(

2Th Degrees
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% Peak overlap/resolution Ad/d (%)

0
v

(3,1,2)
29312
/
o
29113
(1,1,3)
peak one 50.27 % peak_one 50.13 % peak_one 50.09 % peak_one 50.00 %
peak_two 49.73 % peak_two 49.87 % peak_two 49.91 % peak_two 50.00 %
: : : : . ; : : ! : | : . : : I II : . : : | : : .
482 484 486 488 @ 4¢ 48.2 484 486 488 @ 4¢ 48.2 484 486 488 @ 4¢ 482 484 486 488 @ 4¢
2Th Degrees 2Th Degrees 2Th Degrees 2Th Degrees

0.36 % 0.12 % 0.04 % 0.0 %
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alvo4 tch.inp

AR
= | 4
« 5-800.02 step 3750 observations
» 530 hkl reflections in 20 range

STR(P_-1, Alv04)
a @ 6.54138

10,000+ ~
5000, b @ 7.75971
8,000 C @ 9.13591°
o al @ 96.18561°
5000 be @ 107.23757°
4,000+ =
4000 ga @ 101.40086
2,000
1,000

04~ T . Lo
_1’000 'I | III' 11| 'IIIIII | IIII' LIl IIIIIIIIII! ;

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 8(

2Th Degrees
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How many reflections/observations?

20
|

10,000+
9,000+
8,000+
7,000+
6,000+
5,000+
4,000+
3,000+
2,000+
1,000+

0 - o L A

AIVO4 100.00 %

60

e 1 LA v -

-1 ’000 | | III' [ 'I 1 L I' Lo III! I IL o 'II LTV TNV VU T T T W YTV VT VYT TV C OV TRTTVTTC N T (T WV TTTT WA TR AN o T T

10 15 20 25 30 35 40 45 50 55 60
2Th Degrees

3.500 AIVO4 100.00 %

3,000
2,500
2,000
1,500

1,000 ('L'é:rn
5001
04 .,
| , , | i II II ,
15 16 17 18 19

2Th Degrees

65 70 75 8(

5,000
4,000
3,000
2,000
1,000

60.5 61 61.5 62 62.5
2Th Degrees

AIVO4 100.00 %

0

232 234 236 238 24 242 244 246 248 25

2Th Degrees
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Reflection density and peak overlap

0
v

Number of Reflections

35,000+
30,000+
25,000+
20,000+
15,000+
10,000+

5,000+

STR(P_-1, Alv04)

a @

@
@
al @
@
@

6.54138°
7.75971
9.13591°
96.18561"
107.23757"
101.40086"

- " ™ ™ e
2Th Degrees
120
100 - T .
80 - I | ]
60 - 1| 11 ]
40 -
20 -
; DDDHHHH
N PR PR S S P
2-theta

5 degree bins
1772 reflections
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% How much information in a powder pattern?

O
4

« See literature by e.g. Giacovazzo/David/Di Sivia

11 12 13 14 IS5 16 17 \
/1 100 3

2 3 100

13 100 98

14 98 100

I5 100 90 60
16 90 100 80
17 60 380 100

« Rarely enough!
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Extra information: restraints

« Remember our straight line y = mx + c fitting problem
» Line should pass through (0, 0) — treated as extra observation with a user-defined weight

Ol W IN =

T e T = S

2
5

(=G 111 D[ i

18
0

Extra information as an observation

5 — .
(=G 13190 e

Ol W N -

—
Ol ==
=

Higher weight
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% Restraints in Rietveld refinement

0
v

*  You know that Zr-O bond in a ZrO, octahedron should be ~2.075 A
« Use as “extra information”
* Apply a “penalty” or “restraint” if it's not that value:

penalty = (model's Zr04;s; — 2.075)%?

X I%estraints = f(all penalties)

2 _ 2 2
X total = Ki Xx data T K, X x restraints ZrOg

Fit to data and restraints — restraints act like extra observations
K, K, are weights, there could be multiple K,'s for different restraints

Rietveld School 2026 https://johnevans.webspace.durham.ac.uk/pdrr_school/



2
N

n
v

Distance restraints: TOPAS-speak

penalties_weighting K1 1

Distance_Restrain(Zril
Distance_Restrain(Zril
penalty = weight * (2.

Angle_Restrain(01 Zr2

append_bond_lengths

Zrl:0 01:
01:
01:
02:
02:
02:

01, #ideal dist, #actual dist, #tolerance, #weight)
01, 2.
075-2.

975, 2.037, 0.0, 1)
937)72;

02, 90, 91, 1, 1)

use full site name if needed

-1 -1 9 2.12510
© 0 0 0 2.12510

-1 9 1 2.12510

-1 1 1 2.12575

© 1 -1 2.12575
-1 © 0 2.12575

‘@
Zr1

90.053
90.053 90.053
179.89 89.897 90.036

90.015 89.897 90.036 179.898

90.015 90.015 90.036 179.898 89.897

Zr1

O1

013-1-10

ZrOg
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% Extra information: constraints

O
4

* Force sub-sections of structure to be rigid

* Force specific relationships between parameters

« Dealt with in least squares in the same way as symmetry — change the least squares equations
« “Hard Constraints”
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% Constraints

O
4

« Remember our y = mx + c straight line that had to pass through the origin: force ¢ = 0:

1 1 2
- 1 2 3 &2 1\my (1 2 3 4[5 m =523
mx+c=y (1 1 1 1) 3 1 (c)_(1 1 1 1) 10 c=—45
4 1 18
1 2
mx =y (1 2 3 4) é m)=>1 2 3 4) 150 ’(;”: 3:8(5)
4 18
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% Constraints in Rietveld refinement — e.g. rigid bodies

0
v

* You might want to force a ZrOg4 group to be a rigid octahedron
« Constraints change the least squares equations
« 21 xyz parameters become 3 positions and 3 rotations?

macro Octahedron(Zrl, ol, o2, o3, o4, o5, o6, 2.075)
{

Point for site(sO, O, 0, O0)
Point for site(sl, r, 0, 0)
Point for site(s2, -r, 0, 0)
Point for site(s3, 0, r, 0)
Point for site(s4, 0, -r, 0)
Point for site(s5, 0, 0, r)
Point for site(s6, 0, 0, -r) ZFOG

« Other common constraints are:
— Site occupancies to maintain chemical composition
— Atomic displacement parameters equated for multiple sites
— (Pseudo)symmetry relationships
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% Constraints in Rietveld refinement — e.g. TLS matrices

n
v

* In a fully rigid group atoms would vibrate in related ways
* 42 u; parameters become 2 TLS parameters?
« “Rietveld Refinement” book P177

ZrOg
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% Rigid bodies with internal freedom

0
v

- P,0, groups are well understood — P-O,,.,.., 1.5 A, P-Oyi45e depends on P-O-P angle
* 0 refinable distances per P,0O- , an angle, a torsion and overall translations and rotations?
» 8 parameters not 27

o
o

torsion

. P-O-P Angle _

N
o

Typically 155 P-O(-P) Distance 16
1.5 A ;
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‘%‘ Rigid bodies — molecular species

0
V

« Define in terms of rigid hexagons for benzene rings
- Allow a torsion angle between rings
* Allow a torsion angle for NMe, groups and CO,H group
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2B 7-matrix — organic molecules
- |
« Use a distance and angle “road map” to describe coordinates
* Refine distances/angles/torsions directly Torsion

ABCD

torsion angle

ABCD BCD / distance CD
I A: origin
distance AB angle B: Z- ? f A
ABC . distance 1rom

C: distance from B plus angle ABC
D: distance from C plus angle BCD plus torsion ABCD

origin
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Z-matrix creation — see tutorials

20
|

" a rigid body defined in terms of refinable bond lengths Ft T ;D
prm d CN 1.47513237 min 1 max 1.6 N—C—C
prm d_ NH 1.05996069 min 1 max 1.6 H Ill \O—H
prm d CC 1.50647087 min 1 max 1.6
prm d CH 1.15838484 min 1 max 1.6
prm d CO 1.27563046 min 1 max 1.6 M
z_matrix N1
z matrix C1 N1 =d CN;:1.47513 v

z_matrix H3 N1 =d _NH;:
z_matrix H4 N1 =d NH;:
z_ matrix H5 N1  =d NH;:
z matrix C2 C1 =d CC;:
z matrix H1 C1 =d CH;:
z matrix H2 C1 =d CH;:

.05996 C1 109.4912

.05996 C1 109.4912 H3 240 .0000
.05996 C1 109.4912 H3 120.0000
.50647 N1 109.4912 H3 60 .0000
.15838 N1 109.4912 H4 -1860.0000
.15838 N1 109.4912 H3 -1860.0000

z matrix 01 C2 =d_CO0;:1.27563 C1 120.0000 N1 @ -160.6372

z matrix 02 C2 =d_C0;:1.27563 C1 120.0000 01 -1860.0000
Rotate about_axies(xrota -61.98012, yrota -1.23756, zrota 68.83734
Translate(xtransa ©0.29638 , ytransa ©0.08653 , ztransa ©0.74341)

R R RRRRRRR
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‘%‘ Tutorials — restraints/constraints

0
V

« Session 6 Q2

« Tutorial 3.7 — ZrW,0Ogq

« Tutorial 6.1 — using Z-matrices

« Tutorial 6.2 — refining an organic using restraints then as a rigid group then as a Z-matrix
« Tutorial 6.3 - organic molecules from synchrotron data using z-matrix formalism

* GSAS 4 - restraints/combined refinement oxide

* GSAS 5 —rigid bodies Sc,(WO,); using TLS matrices

 GSAS 7 — organic using restraints

* GSAS 9 — Ni coordination polymer using restraints

ed L5 a0 6 W2 o5 0. 0%

g upmead  mug

‘{ hu‘(u \.a__ ‘J 02
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% Lecture notes
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% GSAS and GSAS-

0
V

« General Structural Analysis System
« Bob Von Dreele/Alan Larson and Brian Toby GSAS-I
* Very widely used

* GSAS-I ran via expedt/expgui
« Created an .exp file (like .inp file) in background

* GSAS-II new version

* Fully integrated GUI

* Open source, Python (computationally intensive parts C/Fortran)
« Python API for scripting

« Data stored in a .prj file (Python pickle, not readable)

« Tutorials/videos: https://advancedphotonsource.github.io/GSAS-II-tutorials/tutorials.html
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% GSAS-II interface/demo

O
4

GSAS-I
+ File/Open Project....

@,

B GSAS-l plots: y203_example.gpx = o

-
Powder Patterns - - -
File Data C Import  Export Commands Help
=) Project: Z:\data\topas_workshop\gsas_de| Powder histogram: PWDR y203_demo.xye ?
PWDR y203_demo.xye S"'Eb*’lc"‘
ontrols " "
| " I Data | Covariance Weight factor: 1.0 Data "Surprise” factor: 0.636
12000 A : [ : * ?:Is( : Constraints Histogram label:
+ bk Restraints Data residual wR: 12.246% on 13696 observations. Contributes 100.0% of total y*
: r : df? : Rigid bodies Durbin-Watson statistic: 1.473
q — di
10000 | I 1 Y203 | Phases For phase Y203:
\ I | | Y203 Unweighted phase residuals RF*: 1.940%, RF: 1.690% on 208 reflections
4 PWDR y203_demo.xye
8000 ! [ ! ! y = Add a magnification region
| | 1 | Comments
| | | Limits
60004 | | Background
[ I [ Instrument Parameters
| I |
4000 4 \ | | Samplfl-: Parameters
Peak List
: : : Index Peak List
2000 " . " Unit Cells List
| | | Reflection Lists
0+
| J ! Mouse RB drag/drop to reorder
EEEE CREREErn Oremu e nenn non v snon oo neen v 0 e geeeeeeny
—2000 11 L |

20 an 0 80 100 170 140
# €2 +Q BRB< >AV-<<==><§{ %X P

2-theta=44.296 d=2.04319 Q=3.0752 Intensity=11768.76
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GSAS-Il interface: tree structure and multiple tabs

20
|

File Data Calculate

® GSAS-Il project: y203_example.gpx

Import  Export Help

- Notebook
- Controls
fCovaronce
- Constraints
(- Restraints
Rigid bodies
(= Phases
Y203
(= PWDR y203_demo.xye
Comments
Limits
Background
Instrument Parameters
Sample Parameters
Peak List
Index Peak List
Unit Cells List
Reflection Lists

Project
window

= Project: Z:\data\topas_workshop\gsas_de| Refinement results

-~

® GSAS-Il project: y203_example.gpx

File Data Calculate

Import  Export

| Selecttab Compute | Help

Mouse RB drag/drop to reorder

[=- Project: Z:\data\topas_workshop\gsas_de| Overall params for 'Y203' (type=nuclear)

Notebook
Controls
Covariance
Constraints
(- Restraints
Rigid bodies
(- Phases
- PWDR y203_demo.xye
Comments
Limits
Background
Instrument Parameters
Sample Parameters
Peak List
Index Peak List
Unit Cells List
Reflection Lists

Y,0,
General

% GSAS-Il project: y203_example.gpx

File Data Calculate Import Export

| Selecttab EditPhase | Help

= Project: Z:\data\topas_workshop\gsas_de Histogram data for Phase 'Y203'

+- Notebook

-~

-~

+ Controls
:- Covariance
:- Constraints

i‘ GSAS-Il project: y203_example.gpx

File Data Calculate

Import  Export

Selecttab Edit Atoms Compute

(- Restraints
i~ Rigid bodies
(- Phases
Y203
=- PWDR y203_demo.xye
Comments
Limits
Background
Instrument Parameters
Sample Parameters
- Peak List
- Index Peak List
- Unit Cells List
- Reflection Lists

Y50,

Mouse RB drag/drop to recrder

Data

[=I- Project: Z:\data\topas_workshop\gsas_de| Atom parameters list for Y203

Notebook
Controls
Covariance
Constraints
[+)- Restraints
Rigid bodies
(- Phases
Y203
(= PWDR y203_demo.xye
Comments
Limits
Background
Instrument Parameters
Sample Parameters
Peak List
Index Peak List
Unit Cells List
Reflection Lists

Y03

Mouse RB drag/drop to reorder

Atoms

Help

-~

a‘ GSAS-II project: y203_example.gpx

File Data Calculate

Impeort  Export

| Operations | Help

Mouse RB drag/drop to reorder

(= Project: Z:\data\topas_workshop'\gsas_de| Instrument settings

i Notebook

i-- Controls

i Covariance

- Constraints

@) Restraints

.- Rigid bodies

- Phases

i Y203

=- PWDR y203_demo.xye
Comments
Limits
Background
Sample Parameters
Peak List
Index Peak List
Unit Cells List
Reflection Lists

Instrument
Params

® GSAS-Il project: y203_example.gpx

File Data Calculate

Import  Export

Mouse RB drag/drop to reorder

[=)- Project: Z:\data\topas_workshop\gsas_de|

- Notebook
- Controls
- Covariance
Constraints
- Restraints
Rigid bodies
= Phases
Y203
= PWDR y203_demo.xye
Comments
Limits
Background
Instrument Parameters
Peak List
Index Peak List
Unit Cells List
Reflection Lists

Sample
Params

Command | Help

Sample and Experimental Parameters

-~

-~

Instrument Name

Diffractometer type: Bragg-Brentano

@ Histogram scale factor:
Goniometer radius (mm):

@ Sample displacement(um):

[0) Sample transparency(1/ueff, cm):

[J Surface roughness A:

() Surface roughness B:
Goniometer omega:
Goniometer chi:

Goniometer phi:
Detector azimuth:

Clock time (s):

Sample temperature (K):

Sample pressure (MPa):

Sample humidity (%)

4.2689945
200.
111.2006
0.0

0.0

0.0

Sample voltage (V)

Applied load (MN)

0.
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GUIl vs INP? ©

20
|

'"Minimum INP file for Simple Rietveld

‘Overall information, dataset (xdd) information, structural (str) information
rwp 10.3215283 r_exp 10.0886011 r_p 7.10082635 gof 1.02308815

iters 100

chi2_convergence_criteria 0.001

xdd y203 _demo.xye
Xx_calculation_step = Yobs_dx_at(Xo);
bkg @ © 0 ©
LP_Factor(!th2_monochromator, 27.26)
CuKal(0.0001)
str
space_group

site Y1 X 0.25 y 0.25 z 0.25 occ Y+3 1 beq 0.25
site Y2 X 0.97 y 0.00 z 0.25 occ Y+3 1 beq 0.25
site 01 X 0.39 y 0.15 z 0.38 occ 0-2 1 beq 0.25

TCHZ_Peak_Type(pku, ©.039,pkv, -0.02,pkw, -0.001,!pkz, 0.00,pkx, ©.009, pky, ©.001)
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GSAS .instprm instrument parameter file

#Bank 1: GSAS-II instrument parameter file; do not add/delete items!
Type :PXC

Lam:1.54056

Zero:0.0

Polariz.:0.559
:15.173886388495069
:-27.411489953187225
:13.837229494187564
:-1.7201803482760458
Y:6.930390164249117

Z:0.0
SH/L:0.016850488708164572
Azimuth:0.0

Source:CukKa

Bank:1.0

X =< C

"TOPAS equivalent

CuKa1(0.0001)

Specimen_Displacement (height, ©.091°)
LP_Factor(!th2_monochromator, 27.26)

 Describes the
iInstrument
you’re using

* Just like parts
of the .inp file

TCHZ_Peak_Type(pku, ©.002 ,pkv, ©.003 ,pkw, ©0.001 ,!pkz, 0.000,pkx, 0.088 , pky, 0.003")

Simple_Axial Model(axial, 10.7329535°)
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% GSAS/TOPAS — Beware LP Corrections

0
v

"TOPAS .INP

CuKa2(0.0001)

LP_Factor(!th2_monochromator, 26.6)

"GSAS-II .instprm

Laml:1.54056

Lam2:1.54443

Polariz.:0.555

'"GSAS-I .inst

INS 1 ICONS 1.5406 1.5444 ©.0000 ©0.555 © 0.500

Topas:  p_ LHcos?20xcos?20, , 1+cos?26x08

LP_Factor(!th2_mono, 26.6) B cos 6 sin2 6 ~ cosOsin26

GSAS-I: p_ L+ Phcos?26 | p_ 1+08xcos?26

IPOL = 1, Ph(POLA) = 0.800 ~ sin26cosf ~ cosfsin2f

GSAS-I: Ph+ (1 — Ph)cos?286 P = 1+cos?26x0.8 0.5+cos?26x0.4 0.9/0.555+ 0.444 X cos* 26
IPOL = ©, Ph(POLA) = ©.555 Lp = 2 sin2 6 cos 6 ~ cos@sin20 B 2 cos 0 sin2 0 1 2 cos 8 sin2 0
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Open source — check e.g. GSASIIpwd.py, GitHub and docs

"TOPAS height/zero point correction in input file
prm !zero 0.00

prm height ©0.02

th2 offset = zero - 2*height*Cos(Th)/radius;

¢ File Edit Selection View - & Q. Search (g

@ GSASllpwd.py 6 X

C: > Users > dchOjse > AppData > Local > gsas2main > GSAS-Il > GSASI > & GSASIpwd.py > (8 DoCalibinst > (3 errPeakPos
2230 def DoCalibInst(IndexPeaks,fitPeaks,Inst,Sample):

2414 print (S1gstr)
2415

2416 def errPeakPos(values,peakDsp,peakPos,peakWt,dataType, parmDict,varyList):

2417 parmDict.update(dict(zip(varylList,values)))

2418 calcPos = G2lat.getPeakPos(dataType,parmDict,peakDsp)

2419 if dataType[2] in [ R R 1:

2420 const = 0.18/(np.pi*parmDict[ D

2421 if in Sample[ 1:

2422 shft = -const*(parmDict|[ 1*npcosd(calcPos)+parmDict|
2423 else:

2424 shft = -2.8*const*(parmDict| 1*npcosd(calcPos/2.0)+parmDict[
2425 return peakWt*(calcPos+shft-peakPos)

2426 else:

2427 return peakWt*(calcPos-peakPos)

1*npsind(calcPos))+pal

@ AdvancedPhotonSource /[GSAS-] rubic 0 Notifeations Y Fork 42 fy Swr 92
<> Code © issues 23 11 Pullrequests 2 ©D Discussions  © Actions [ Projects 00 wiki @ Security b insights
Poman - P OD Q Gota file <> Code = About
@ briantoby remove index section from full ma. @ o do Shoursago (56354 Commits
m github Optim nonths
W Gsasl Merge 6 hours
M backcompat MINT: add ElementTable st
o docs 3 hours
. pisi ths
| source: ths s

x|+ - 0 x

* *+ @O0 @

# | GSAS-Il Developer's Documentation View page source I

GSAS-II

GSAS-II Developer's Documentation

AS-II-tutorials. To learn how to use GSAS-II
which can be accessed from the GSAS-Il Help menu or from this web

ub.io/GSAS-II-tutorials/tutorials.html

ing use of GSAS-II, see GSASliscriptable: Scripting Interface. _

or
il fat. Ship aster. Send SMES and more with st a few e of code, Teet it for fre.

hitps:
please see the
page: hitps:/fad

Python .py script: C:\Users\dchOjse\AppData\Local\gsasZ2main\GSAS-INGSASINGSASIIpwd.py
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FullProf Suite

Juan Rodriguez-Carvajal

Has a .pcr file (like .inp file) in background

Very widely used

Magnetic refinements

Incommensurate refinements

Not installed by default — go to https://www.ill.eu/sites/fullprof/ or school installation page

-
Tl FUIIPrOf SUIte Home Documentation Download References Contact

Crystallographic tools for diffraction

% NEWS!

We are engaged in modernizing the complete FullProf Suite and we have started by refurbishing the Web page. We are changing all the GUIs by moving from Winteracter to PySide&. Presently the new
Toolbar is nearly finished and the most important change up to now is the new FullProf Studio program. The new FullProf Suite will be developed and will coexist with the CLASSIC one.

Crystallographic tools for Rietveld, profile matching and integrated
intensity refinements

The FullProf Suite is formed by a set of crystallographic programs mainly developed for Rietveld analysis (structure profile
refinement) of neutron (constant wavelength, time of flight, nuclear and magnetic scattering) or X-ray powder diffraction data
collected at constant or variable step in scattering angle 20.

. L :.:““' 1l 5 U
DE Features = - -
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v @ Jana2020 x + _ 5 x
& > C M 25 Jjana.fzu.cz w * =2 ) °
Bg El VPN & ChatGPT @ addresses @ viaDurham &8 Mail & Google 4 Google Scholar @ ISODISTORT [ Chemistry M Gmail @B YouTube @ Maps » 3 All Bookmarks
a
About Jana News Forum Workshops Download License Login Register

ana2020 is a crystallographic program focused on the solution, refinement, and interpretation of standard, modulated, and

magnetic structures from X-ray, electron, and neutron diffraction data. Jana2020 is free for academic users.

Powders Aperiodics Magnetics

J *‘»}A v,
g
ozxflz»ii\g L

LY

Petficek, V.; Palatinus, L.; PIasil, J.; Dusek, M. Jana2020 — a new version of the crystallographic computing system Jana. Z. Kristallogr. (2023)
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% Thursday: special topics, general topics, spot-the-errors
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« Special topics for Thursday morning?

« Moving from exercises to real world
— Hardest thing in practice is spotting mistakes when you don’t know what the “right” answer is
— Are there errors in model or data?

Rietveld Crimes”

J 1]

— Emma’s

* Final challenge of school
— mistake_02 to mistake 08 contain data with “errors” in them
— Find the errors and win a prize!
— Stick to isotropic temperature factors
— Stick to a TCHz analytical peak shape function
— For these instruments you can fix pkx and pkz at 0
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% Understanding Things

0
v

 Look in topas.log

 Look in topas.inc

« Make your own local.inc
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"x‘i‘ Other Things (numbers might differ)
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«  Symmetry mode refinements (Tutorial 10.1-10.6)
— using group theory to help with phase transitions

« Quantitative Rietveld (Tutorial 8.1)
— Using Nikki Scarlett/lan Madsen’s Round Robin data

» Size strain analysis (Tutorial 5.4)
— Using CeO, round robin data

» Single crystal data (Tutorial 8.3)

» Using functions to do the whole crystallographic analysis (Tutorial 8.4)
« Parametric/Surface Fitting (Tutorial 9.2-9.4)

« Multiple datasets and automatic refinements (Tutorial 9.1)
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% Checklist: Start to Finish
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« Go through a problem or tutorials taking you through the whole process of data analysis
— Fit peaks (Tutorial 2.1)
— Index (manually or in topas) (Tutorial 2.2)
— Work out space group (Session 1/2)
— Pawley/Le Bail fit for indication of fit quality possible (Tutorial 3.2)
— Structure solution? (Tutorial 7.1-7.3)
— Rietveld refinement (Tutorial 3.%)

* e.g.the PbSO, data in Tutorial 4.4
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2B Checklist: Key Skills
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- Data types
— Lab xrd

— Synchrotron xrd
— Neutron constant wavelength
— Neutron time of flight
« Sample types
— Inorganic extended structures
— Small molecule structures
«  Software Y,0; in
— TOPAS
— GSAS
— Fullprof
* Multiphase refinement
* Multiple dataset refinement
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_‘%‘, Checklist: Happy?

« Are you leaving knowing what you hoped you’d learn?

 |f not ask!

 PLEASE COMPLETE POST-COURSE QUESTIONNAIRE

OlfteinO
o
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Welcome

Welcome to the topas wiki!

This site has been set up for the community to share ideas
and tips for Topas and powder diffraction analysis more
broadly.

YouTube

YouTube Tutorials

d Unusual Parameters

rof. John S.0. Evans

Durham Chemistry

Yp{ube

forum

Welcome to the TOPAS forum

Search the forum before asking questions. Try and keep questions brief, Off-
topic posts will be deleted without consultation. Only registered users can
post.. You can set your preferences to be emailed every time there is a new

post. If you don't get a registration completion email (check your spam), email

john.evans@durham.ac.uk with your username to complete registration. If a

post is refused once you're legged in it is probably being blocked by the
firewall, try removing unusual characters. Enjoy.
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Rietveld in excel

HICALEDUCATION

Structure Analysis from Powder Diffraction Data: Rietveld
Refinement in Excel

John S. O. Evans* and Ivana Radosavljevic Evans
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Durham Topas Tutorials

Various tutorials on the use of topas/jEdit are given below. They've
been collated from various schools and user meetings. There’s more
background/theory on many of them in the TOPAS Rietveld book.

Please note that these tutorials have been created over several years
in Topas version from v4 to v7. In some cases there may now be
better ways of tackling the problem or setting up the input file. Most
tutorials will run in v4.2 onwards, but some need functionality only
available in later releases.

Several jEdit menus were updated in June 2020 for TOPAS v7and
JEdit5.5 not all tutorials have been tested. Please tell me if you find
problems. They will definitely all work if you go back to jEdit 4.3.

School breaks
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