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+ Single Crystal:

+ Powder:

T'he indexing problem

+ Unit cell and symmetry unambiguous
+ Bach reflection: correct Miller indices hkl

+ Diffracted intensity (structure amplitude
| F | i ) accurate

* nothing of all this known ...
* Informations in a powder pattern:

+ Peak positions as function of unit cell
dimensions

+ Peak shapes

+ Integrated intensities




Good sample — preferably single-phase

* Indexing of multi-phase
powder patterns is not trivial:

+ Dinnebier et al., Acta Cryst.
B53 (1997) 153-158.

+ Vaughan et al., |. Chem. Soc.,
Dalton Trans. (1999) 79-84.

- A high resolution polwder X- y diffraction study of the products of
| reaction of dimethyl sulfide with brorine; crystal and molecular
structures of (CH;),SBy,, -

1.0 8.0 12.0 16.0 200

24.0 28.0 320

FWHM [°20]

0.16 -{ Plot of individually fitted FWHM versus 20 for both
phases of RbCsHs. The FWHM ratio between phase 1
| and phase II is approximately 3 over the entire angular
0.14 — range, enabling a clear separation of the two phases.
The open circles denote peaks which cannot be clearly
ﬂ separated due to severe overlap.
012 —
0.10 —
0.08 —
0.06
0.04 --
0.02 -
0.00 :
: |
10.00 20.00 30.00 40.00




Choose the best technique

1.Good sample — preferably single-phase
2.Best quality powder pattern
+ Best technique: sorry to say, but HiRes XRD helps
+ Trickbox: differential thermal expansion
=+ Well-known zero-shift (26,)
* more serious than statistical error of same magnitude

+ 6(20)<=0.02"

Conventional High resolution Synchrotron x-  Low-resolution High resolution
lab. x-rays lab. x-rays rays neutrons neutrons

Jair / v DOOr /




> 2() accurate low angle peak positions

1.Good sample — preferably single-phase
2.Best quality powder pattern
+ Best technique: High Resolution XRD
+ Well-known zero-shift (20y)
3.Determine at least 20 accurate low-angle peak positions
+ Synchrotron XRD w/ parallel geometry — high resolution monochromators
+ Include weak lines

+ Deduce likely space groups from peaks present and those systematically absent



Indexing in reciprocal space

« Bragg’s law: nd= 2d sin@ = 1/d? = (2sinf/ 1)?

“ d-spacing: d=ha+tkb+lc =
© 1/d2=h2a*2+k2b*2+[2c*2+kl-2b*c*-cosa*+hl-2b*c*-cosB*+hk-2b*c*-cosy”*
+ Q(hkl)=h2A+k2B+P2C+kID+hIE+hIF with Q = 1/ d2

* Goal: Finding the six constants A ... F ...



Classic indexing software

s 11O

+ J.W. Visser, |. Appl. Cryst. 2 (1969) 89.

* Good for unit cells of compounds in low symmetry

+ TREOR

+ P.E. Werner, Z. Krist. 120 (1964) 375.

« Trial- and error method, seperately for cubic, hexagonal, tetragonal, orthorhombic,
monoclinic and triclinic systems

+ DICVOL

+ D. Louér, |. Appl. Cryst. 18 (1972) 271. A. Boultif, D. Louér, ]. Appl. Cryst. 37 (2004)
724

* Successive dichotomy method, originally not for monoclinic and triclinic lattices.



Implementation in FullProf suite

File Flot  Profiles Options & space  Caledlations  Ext. Applications  Tools  Help

WinPlotR (2()()6) allows . ST P b T EIFPR m B @A A o X

convenient peak extraction

Working Directory: | [Usersihansen/Desktopfarocesseds

These peaks can be redirected
to DICVOL or TREOR (or ITO)

The result of indexing is |
redirected into an pcr file

This file permits a Le Bail fit to
check the solution |

The extracted intensities allow
for a space group
determination




WinPlotR-2006: Peak search

000 '\ WinPLOTR-2006 Version: 0.50-2012

File  Plot  Frofiles Options W space  Calcdlations  Ext. Applications Tools Help
= H & Ffe ol W, M Per 53 %Y B TR FP Per 35 0% &% S BE a & @) e X
0 O O |X| Peaks detection...
3.015000 407.611189 _
- peak_threshold
- shoulder _threshold
300000 0.0s00 bkg threshold
@, o °
* (Calculations — Peak detection —
—
250000
— Enable : Fesk ype
e Single peaks
= zoo000 -
A A : doublets: {Cu-ka)
TS L
* Calculations — Peak detection & oo
: . 150000 |
— Auto detection oukits: (Co-K)
8 100000+
A Ok Caniel
/ O °
% (Calculations — Peak detection ;
— Insert / Delete peak
0
5 10 15 210 25 an
Ztheta (deqg)
o = o= § b4 4P G Q
'n';lé




WinPlotR-2006: Save peaks

* Calculations — Save peaks—
Dicvol Format

* Change options, give
wavelength

“ Run Dicvol ...

0060 % WinPLOTR-2006& Version: 0.50-2012
File  Plot FProfies Options Calenlations  Ext. Applications  Tools  Hel
H & 5 Por E2 Gmd @} Erp',’qs‘? FP Fu vE RFocpg Bt N [ S T
0O O O x| Input parameters for DICVOL
Title
3 015000 407 611189 3(: 3015000 407 6111589 39.204415
30 : # of lines used it Cell Limits
Spacing Data 25.000 - R 5
25.000 © Brnas (&)
2-theta ancle 25.000 - Crias (&)
3000004 d-spacing 90,000 - BEmin (o}
125.00 : BEmax (o)
0.0000 : i
Tested Crystal Syrnmetey: +OLmin (£3)
250000 | g
- Cubic 2500.0 SWOLmas (A3
L0
e Tetragonal Experimental parameters
o
= Hexagonal 0.68964 WL EEY]
= 200000 S :
Ortharhorkbic 0.0000 - Mol. weight (g}
rﬁ Monoclinic 0.0000 . Density (gicm3)
__'E. Triclinic 0.0000 . Density error
150000
E‘i Dicyfol 04 parameters
i 0.0300 . Data absolute error (EFS)
2}
H 10.000 : Lower figure of merit (FOM}Y
113
] oK
E 100000 0 s # Ma. impurity lines (eg. 3 or -3
H
A prioti search of zero shift Cancel
Zera shift refinement
500004 DicVOLOG aption
5 10 15 20 25 30
Ztheta (deg)
b= == 4 3 4 QL

Peaks allocation:

calculation .

10




.e Bail fit with DICVOL solution

“ The PCR file is automatically
generated.

“ Minor editing: wavelength,
Instrument format, peak profile

* Running FullProf with it will do a
Le Bail fit (further refinements on
peak-shape parameters, zero shift
and lattice parameters are

possible)
o BN WO

X/

+ zero-shift, lattice constants

11

® 0 O  4mpno_110k_1.pcr

COMM WDICVOLO4 solution (Automatic generated PCR file)
!Job Npr Nph Nba Nex Nsc Nor Dum Iwg Ilo Ias Res Ste Nre Cry Uni Cor Opt Aut
0 5 1 31 2 [¢] 1 1 0 o 1 6 6 © 0 o 0 o 1
!
IIpr Ppl Ioc Mat Pcr Lsl Ls2 Ls3 Syo Prf Ins Rpa Sym Hkl Fou Sho Ana
0 0 1 e 1 6 6 o 0 3 19| o 0 -2 6 0 0o
! >>> WARNING: Please check CTHM value <<<
! lambdal Lambda2 Ratio  Bkpos wdt Cthm muR  AsylLim Rpolarz
0.689640 0.689640 1.0000 40.0000 7.0000 0.7960 0.0000 30.0000 0.0000
!
INCY Eps R_at R an R pr R gl Thmin Step Thmax PSD Sento@
10 0.30 1.00 1.00 1.00 1.00
1
! >>> WARNING: Select manually background points to improve the quality of the backgroun
! 2Theta/TOF  Background

5.417 242, 2584‘ ® 6 6 Terminal — winplotr-2006 — tcsh — Basic — ttys000 — 140x33 — 881
7.688 893.075
8.656 728. 85
10.082 914.69
10.744 793.10
11.287 692. 20 DICVOLOA4 SOLUTION(S)
12.132 703.07 a(A) b(A) c(A) alfa beta gama symmetry Volume(A3) zero_shift M(N) F(N) N IMP
12.175 698.17.
12.932 715.12 19.5722 12.0580 10.3124 90.000 90.000 90.000 Orthorh. 2433.73 0.0149 1ke).2 49.6 B} 0
13.122 764. 66
13.416 679.46
15.290 727.38 => Select the option among those below (give a number < 10, <cr>=1 ):
15.358 717.55 1 Conventionnal powder diffractometer
15.427 693.94 2 Synchrotron radiation
3 my X-Ray diffractometer
o 1E13 4778 4 G42 (LLB) 1=2.343A
16.334 471.87 5 G4l (LLB) 1=2.42A
17.377 444,55 6 3T2 (LLB) 1=1.225A
18.246 417.05 7 D2B (ILL) 1=1.59A
8 my neutron diffractometer
18.928 440.54 9 Read IRF file
20,256 520.212f = option:
21.017 604,934 1
gi;;‘; ==> /Users/hansen/Documents/Conferences/FPSchoo12012/dayl/X-rays/4mpno_110k 1.pcr file has been created (FullProf input file)
21.709 s ==> /Users/hansen/Documents/Conferences/FPSchool2012/dayl/X-rays/4mpno_110k 1.cry file has been created (CELREF format)
gigg;‘ ==> /Users/hansen/Documents/Conferences/FPSchoo12012/dayl/X-rays/4mpno_110k_dicvol cell.sum file has been created (Crysfire summary file)
22.732
22.910
27.106
30.601
30.643

!
! >>> WARNING: Extend the angular range to the whole measured pattern <<<
! Excluded regions (LowT HighT)

0.00 2.89
33.17 180.00
!
0 INumber of refined parameters
!
! Zero Code Sycos Code  Sysin Code Lambda Code

0.0149 0.0000 0.0000 0.0000 0.0000 0.0000
!

phase 1:
!
INat Dis Mom Prl Pr2 Pr3 Jbt Irf Isy Str Furth ATZ  Nvk Npr More

6 0 00.00.00.6 2 © 0 06 0 .00 6 5 0
! >>> WARNING: The following space group corresponds to the Laué group <<<
! >>> in the crystal system that has been found by DICVOLO6. Please check <<<
! >>> carrefully possible extinctions and Bravais lattice to find the <<<
I >>> correct space group. <<<
Pmmm <--Space group symbol
! Scale Shapel Bov Stril Str2 Str3 Strain-Model
0.10000E-03 0.25 0.0000 ©0.0000 0.0000 0.0000 0

0.00000 0.00 0.00 0.00 0.00 0.00

! u v W X Y GauSiz LorSiz Size-Model

0.0080 -0.0080 0.0090 0.0000 ©0.0000 0.00000 0.00000 O

0.00 0.00 0.00 0.00 0.00 0.00 0.00
! a b c alpha beta gamma

19.572261 12.058000 10.3124060 90.000000 90.000000 90.000000

0.00 0.00 0.00 0.00 0.00 0.00

1 Drafl Draf?2 Aecisl Acis?2 Aci AcvA
Line: 6 Column: 46 ~ FullProf . v Soft Tabs: 4 5 — H




CheckGroup

* CheckGroup suggests a
space group based on the
extracted integrated
intensities.

860 %, Check Group Program

General Information

CodeFile: 4rnprio_110k_1

Title:

Cell Farameters: 197522 120653 103562 90.0000 90.0000 S0.0000

Larnbcda; 06396 Crystallographic System: ‘Orthorhomibic

Feflection File
File:  [FUsershansenfDocumentsfConterences/FF School201 2fday 1 is-raysidmpno_1 10k_11 hkl
Format: | Integrated Intensities {Powder data) ¥
Setting Parameters

Intensity observed Def. (% Max. Intensity ) 3.00

Max. Scattering Variakle: 40.000

%\ Info Window

o Working Directory:

PROGRAM CHECE_GROUP: attempt to select the possible space groups from
an experimental Powder Diffraction Pattern
or a single crystal list of structure factors

Buthor: J.Rodrigusz-Carvajal (version 0.01, based on CrysFML)

Conditions:
Input hkl-file fUsers/hansen/Documents/ Conferences/FPEchool2012/dayl/X-ravsd4mpno_11
Crystal System Orthorhombic
Check centred cells?: ¥

Maximum angle 40.0000
Humber o<f FWHIMs 1.5000
Threshold in % : 3.00
Title of the hkl file: Pattern# 1 Fhase No: 1 rphase 1: Lambda: 0.68%840 CELL: 1% .75
HNumber of good reflections = a7
Maximum intensity AZ02.7192
Minimum (for chserved) 186.0814

Mumber of Space Group tested: 247

LIST OF POSSIBLE SPACE GROUPS, a total of 50 groups are possible

70 Fddd:1l

43 Fdadaz2

22 F 2 2 2
Fun
Exit

Check centred lattices

Browse...

0060

File  Programs Settings FF Dimensions  Run a Script  Help

B (7] 50 o)) ks, e T Bl 1) ) B0 5O Y R

HzershanseniDeskiopprocesseds Cowle File: Type: Date: 17172003

i -
P 2c Zb 1.07
P 2 -2Zn 1.07
P 2 -2Zbc 1.08




000 % WinPLOTR-2006 Version: 0.50-2012
File  Plot Frofiles Options  ® space  Calculations  Ext. Applications  Tools  Help

EH & Ffr ot 25 A M Per B3 % BN PP OPer 3 fR S Sea B a2 g e X

PbS804 XrayDif (Rietwveld Round Robin, R.J. Hill, JApC 2

16000

0 pbsox.dat

14000

units=s)

(arbk.

ITntensity

20 40 60 g0 100 120 140 160
2theta (deg)

masa gt MO b Q

O O O |x| Peaks detection...

0.0250 - peak_threshold
2.0000 - shoulder _threshold
00500 - bkg_threshald
3 : - lterations
Feak type
aingle peaks

doublets: {Cu-ka)

doublets: {kMo-Ka)

doublets: {Co-kKa)

Ik,

Peaks allocation: Delete peak single

Aviotherexemvle .

PbSO4with TREOR  cwxa

15

Cancel




000

File  Plot

H &

Frofiles

111 d ==

{ mris .

Trnmtera=md =

fm dm = o= f J pd 4P

Feaks allocation:

DOptions

s

16000
14000
12000
10000
8000
6000
4000
2000

Calculatiohs

Pb804 XravyvDif

Ext. Applications  Tools

Per bt i ©F Wl FP

Help

Sku YIEW
dio CIF

FF
oy

SEQ

[%| WinPLOTR-2006 Version: 0.50-2012

Dic
Yol

@00

Terminal — check_group — tcsh — Basic — ttys000 — 110x88 — &1

..1“? oy e XK

(Rietveld Round Robin

8 6.0
Title

PS04 sray Dif {Rietve

Spacing data type

Theta Bragg (=)

Unit cell limits

Cell edige mas (A)

Experimental parameter

[15

Wavelength (&)

Stop condition

F.0Lk.

100

Q

Another exémple

PbSO.4with TREOR

45

calculation

14

TOTAL NUMBER OF LINES = 40

A = B8.484785 0.000575 A ALFA = 90.000000 0.000000 DEG

B = 6.964202 0.000505 A BETA = 90.000000 0.000000 DEG

C = 5.401627 0.000452 A GAMMA = 90.000000 ©.000000 DEG

UNIT CELL VOLUME = 319.18 A**3
H K L SST-0BS SST-CALC DELTA  2TH-0BS 2TH-CALC D-OBS  FREE PARAM.
0 1 1 0.032563 0.032570 -0.000007 20.792 20.795 4.2687
1 17 10.040822 0.040813 0.000009 23.313 23.310 3.8125
2+ 1. 0 0.045172 0.045203 -0.000030- -24.542 24.551 3.6243
0 2 0 0.048845 0.048937 -0.000092 25.537 25.561 3.4854
2 0 10.053267 0.053305'-0.000038'' 26688 ' 26.698 "3.3376
1 2 0 0.057057 0.057179 -0.000122 27.639 27.669 3.2248
2 1 1 0.065526 0.065539 -0.000013 29.663 29.666 3.0092
1 2. 1 0.07/7489-0.077515 -0.000027 32.326 32.331 2.7672
0 0 2 0.081309 0.081345 -0.000036 33.135 33.143 2.7014
3 1 0 0.086330 0.086413 -0.000083 34.174 34.191 2.6217
1 1 2 0.101821 37.216
2 2 10.102205 0.102242 -0.000037 37.289 37.296 2.4095
2 0 20.114314 0.114313 -0.000001 ,39.523 39.523 2.2783
1 3 ©0.118300 0.118350 -0.000050 '40.235 40.244 2.2396
3 2 0 0.123063 0.123116 -0.000053 41.073 41.082 2.1958
2 1 2 0.126564 0.126548 0.000016 41.680 41.677 2.1652
0 2 2 0.130252 0.130282 -0.00003Q__42.312 42.317 2.1344
e 3 1 0.13044% 42.344
1 2 2 0.138524 43.701
1 3 10.138617 0.138687 -0.000070 43.717 43.728 2.0690
4 1 0 0.144027 0.144108 -0.000081 44.607 44.620 2.0297
4 0 1 0.152162 0.152210 -0.000048 45.919 45.927 1.9747
2 2 2 0.163288 0.163258: 00000370 (47.668 47.662 1.9063
2 3 1 0.163413 47.687
3 1 20.167737 0.167758 -0.000021 48.354 48.357 1.8808
3 3 0 0.184243 0.184287 -0.000044 50.838 50.845 1.7946
0 1 3 0.195380 0.195260 0.000120 52.465 52.448 1.7427
06 4 0 0.195748 52.519
3 2 2 0.204411 0.204461 -0.000049 53.759 53.766 1.7038
3 3 1 0.204623 53.790
2 0 3 0.215968 0.215995 -0.000027 55.385 55.388 1.6575
g 4 1 0.216084 55401
4 1 2 0.225459 0.225453 0.000007 56.696 564695 1.6223
25 1 3 0.228227 0.228229 -0.000002 57.075 57,075 1.6124
1.2 3 0.240176 ©.240205 $0,000029 _58.691 58.695 1.5718
3 3.2 0.265605 0.265632/-0.000027 62.044 62.048 1.4947
5 2  10.275277 0.275326 -0.000049 63.292 63.298 1.4682
1] 4 | 2 ©.285365 p.285335 |0/.000030 | 64.579 64L575 1.4420
3 4 1 0.290261 0.290263 -0.000002 65.198 65.199 1.4298
1 3 3 0.301337 0.301376 -0.000039 66.589 66.594 1.4032
e 5 ® 0.385856 67.152
3 2 3 0.306142 0.306142 0.000000 ©7.188 67.188 1.3922
4 0 3 0.315004 0.314900 0.000104 68.285 68.272 1.3725
5 3 0 0.316370 0.316161 0.000209 68.453 68.427 1.3695
2 3 3 0.325855 0.326103 -0.000248 69.617 69.648 1.3494
e 5 1 0.326192 69.658
6 1 1 0.329251 0.329286 -0.000036 70.032 70.036 1.3424
5 2 2 0.336407 0.336335 0.000072 70.902 70.893 1.3281
5 3 1 0.336497 70.913
2 5 10.359194 0.359161 0.000034 73.644 73.640 1.2853

NUMBER OF OBS. LINES = 40

NUMBER OF CALC. LINES = 50

M( 20)= 45 AV.EPS.= 0.0000441
F 20 = 54.( 0.009120, 41)
M( 30)= 41 AV.EPS.= 0.0000419
F 30 = 48.( 0.007836, 81)
M( 40)= 30 AV.EPS.= 0.0000507
F 40 = 42.( 0.008252, 117)

M CF. J.APPL.CRYST. 1(1968)108
F CF. J.APPL.CRYST. 12(1979)60
O LINES ARE UNINDEXED
M-TEST= 45 UNINDEXED IN THE TEST= 0

ANY COMMON FACTOR IN THE QUADRATIC FORMS ? 7
CHECK CONVERGENCE(IN THE REFINEMENT

(EV. USE PROGRAM RIRUM OR™PURUM)

END OF INDEXING CALCULATIONS

IF YOU WANT TO LOOK FOR A BETTER SOLUTION YOU
MAY TRY TO INCREASE THE PARAMETER MERIT ABOVE 45

....0R PERHAPS THIS WAS THE BEST SOLUTION...

A solution has been found but PCR file for FullProf

cannot be created because TREOR input file has not been

previously created by WinPLOTR. Sorry!
=> /Users/hansen/Documents/Conferences/FPSchool2012/dayl/X-rays/pbsox_treor.cry file has been created
=> /Users/hansen/Documents/Conferences/FPSchool2012/dayl/X-rays/pbsox_treor cell.sum file has been created
=> Normal end of TREOR9@




