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Diffraction Pattern Features
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Diffraction Pattern Features

1000 —

800

«Pattern Features» originate from
crystallographic properties:

, J

Peak positions - Symmetry of the unit cell (space
g rou p) Diffraction Angle [°26]
- Dimensions of the unit cell

Intensity [counts]

Coordinates of atoms in unit cell
- Species of atoms

Relative peak intensities

Absolute peak intensities

Abundance of phase

Peak width - Crystallite size
- Micro-Strain in crystal lattice




Rietveld Refinement

Concept: Fit crystallographic parameters to XRD data

< Unit cell dimensions

<+ Phase quantities

<+ Crystallite sizes / shapes

<+ Atomic coordinates / bond lengths
<+ Micro-strain in crystal lattice

¥ Texture effects

¥ Substitutions / Vacancies Prof. Hugo Rietveld (1932 — 2016)

No phase identification! No structure solution!

All phases must be identified first (all crystal structures must be known)
(unknown phase = no Rietveld refinement)

Needs excellent data quality!
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Rietveld Refinement

Known structure Calculate theoretical Compare with
model diffraction pattern measured pattern
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Optimize structure model, repeat calculation

Minimize differences between calculated and observed

pattern by least-squares method
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Rietveld Refinement

Calculated pattern = Measured pattern

U

Optimized (refined) crystal structure
models = Sample phases

Starting models for all phases required
-> Start with phase identification

Intensity [counts]
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Step 1: Phase Identification

ex1-file1 0 (ex1-file1.XRDML) (ex1-file 1.XRDML) (ex1-file T XRDML)
Fluorite (hkl) (Fluoritestr) (Fluorite.str) (Fluorite.str)
Corundum (hkl) (Corundum.str) (Corundum.str) (Corundum.str)

Every crystal structure produces a unique a0 -
set of diffraction peaks (angle and I
intensity)

Compare measured peak positions and
intensities with a database

Intensity [counts]
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Step 1: Phase Identification

<> Match!®

P

Ele Edit View Pattern

Peaks Search Entries Tools Help

D8 & a4 % L A lu[* A M ¢ @ E v 9@ E AR W e O [Findphases/enties
cts 843 + Intensity FWHM Corundum, syn Fluarite, syn z
4424
800 843.1 0.3740 9819
7507 530.3 | 0.1607 881.2
7004 215.5 0.1636 310.8
650 567.0 0.1633 691.7
5004 715.1 | 0.4800
zs04 258.5 0.1693
207.0 0.4300
500 5114 0.1688
450 L
400 A
3504
300+
250
2004
150 4
100 4
L A L
— L/
| I | I I
I | I | I | I
| | | | @
T T T T T T T T T
15.00 2000 25.00 30.00 35.00 40.00 45.00 50.00 55.00
cu-Kal (1.540598 A} Ztheta " Restraints + Additional entries  Peaklist | |Z] Data sheet J
Color | Qual. I Entry Formula Candidate phase | P(2theta) P(1/10) | I scale fet. Ific FoM “ ||| Color Entry Formula | Matched phase |Quant.(%) S |
1 01-077-2248 (CaF2)0.75 (¥ F3... Calcum Yttrium Fluoride 0.9784 0.7850 1.0000 3.59 01-083-7717 Al203 Corundum, syn 56.4
= 00-004-0864 CaF2 Calcium Fluoride (Fluorite, syn) 0.9893 0.6180 1.0000 240 04-002-2204 CaF2 Fluarite, syn 43.8
1 04-013-7404 MNa0.50 Y0.50 F2 Sodium Yttrium Fluoride 0.9945 0.3934 1.0000 4.93
1 01-074-5823 (Fe0.065Ga0.63) ... Iron Gallum Selenide 0.9836 0.0731 1.0000 9.06
1 04-004-7480 Ga0.67 5e Gallium Selenium 0.9636 0.0732 1.0000 9.03
1 04-003-9968 Ga0.5 Ge0.13 Se Gallium Germanium Selenium 0.9635 0.0708 1.0000 8.95
04-014-0211 S&i Silicon 0.9974 0.0784 1.0000 4.55
1 04-003-2846 AP Aluminum Phosphide 0.9973 0.0711 1.0000 4.50
1 04-006-2647 Ga Sb0.1P0.9 Gallium Antimony Phosphide 0.9945 0.0765 1.0000 8.96
1 04-008-0619 Cd0.855La0.095F2 Cadmium Lanthanum Fluoride 0.9635 0.0652 1.0000 1187 Y
04-012-6328 ZnS Zinc Sulfide (Sphalerite) 0.9932 0.0575 1.0000 8.41 -

2th: 59.97 ” d: 1.5413 H cts: 1.18 |‘ 3924 entries ” PDF-2 Release 2004 (or earlier versions) or other NBS*AIDS83 format database and ”Robert Mathys Foundation, Site License
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Step 2: Obtain Crystal Structure Models

For each phase, a structure model must be obtained.

The model contains:

+ Space group

<+ Cell parameters

¥ Atomic positions:
+ Scattering factor

+ Fractional coordinates

¥ Thermal displacement
parameter

data 04-004-2852
#Copyright 2024 International Centre
#for Diffraction Data. All rights rese

_chemical name systematic
_chemical formula sum
_chemical formula weight

_cell length_a

cell length_b

_cell length c

_cell angle_alpha

_cell angle_beta

_cell angle_gamma

_cell formula units Z

_cell volume
_symmetry cell setting
_symmetry space_group_ name H-M
_symmetry Int Tables number

loop_

_atom site label

_atom site type symbol
_atom site fract x

_atom site fract y

_atom site fract z

_atom site U iso _or equiv

_atom site symmetry multiplicity
_atom site Wyckoff symbol

_atom site occupancy

All Al 0.0 0.0 0.35216 0.00284 12 c 1.
02 0 0.30624 0.0 0.25 0.00343 18 e 1.0

rved.

'Aluminum Oxide'

'Al2 03"
101.96

4.7602(2)
4.7602(2)
12.9933(17)
90

90

120

6

254.98
hexagonal
R-3c

167

0

data 04-002-2191
#Copyright 2024 International Centre
#for Diffraction Data. All rights reserved.

_chemical name_systematic 'Calcium Fluoride'

_chemical formula sum 'Ca F2'
_chemical formula weight 78.07
_cell length a 5.463
_cell length b 5.463
_cell length c 5.463
_cell angle alpha 90
_cell angle beta 90
_cell angle gamma 90
_cell formula units 2 4
_cell volume 163.04
_symmetry cell setting cubic
_symmetry space_group_name_ H-M Fm-3m
_symmetry Int Tables number 225

loop_

_atom_site label
_atom _site type symbol
_atom_site fract x

_atom _site fract y

_atom_site fract z

_atom _site U iso _or equiv

_atom site symmetry multiplicity
_atom site Wyckoff symbol
_atom_site occupancy
Cal Ca 0.0 0.0 0.0
F2 F 0.25 0.25 0.25

4 a 1.0
8 c 1.0




Step 3: Rietveld Refinement 15t Iteration

< Calculate theoretical diffraction pattern from structure models

<+ Compare with measured pattern

1200 FT T T T

Measured dataset (I observed)

800 —
600 [—

400

Calculated Corundum pattern

L

Calculated Fluorite pattern

A

| observed
I calculated

| difference

Background

Corundum_AI203 :

Fluorite

Intensity [counts]

Difference between calculated
and measured pattern
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Step 3: Rietveld Refinement Curve Fitting

<+ Optimize crystallographic parameters in structure models

<+ Minimize difference between observed and calculated pattern

Measured dataset (I observed) Refined Corundum pattern

600

counts]

Difference between calculated
and measured pattern

200 —

| observed
| calculated
I difference

Background
Corundum_AI203 7
Fluorite 7

Refined Fluorite pattern

s by rnbl Al . et A fy
v it brfanmds v i - i
U
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Step 3: Rietveld Refinement Curve Fitting

12

Optimize crystallographic parameters in
structure models represent sample
composition:

<+ Phase quantities
<+ Cell parameters
<+ Crystallite size
v Lattice strain

< Atomic coordinates
< Atomic site occupancy factors
<+ Thermal displacement parameters

Refined Parameters

Parameter
~ Statistics
Rwp
Rexp

I

X
GoF

Background Coefficients
* Global GOALs
corundumy/sum
flucrite/sum
* Local GOALs
* Corundum_=al203

\ Refined Compaosition
A

C
\ UNIT
Grain5ize(1,1,1)

UMIT

* Fluorite
Refined Composition
A
UMIT
Grain5ize(1,1,1)
UNIT

Value

7.58
14.01
0.29
0.54

0.4958
0.5042

AL1Z2 018
0.47610
1.29960
MM

1241

MM

CA4FE
0.54677
MM
424113
MM

ESD

0.0041
0.0041

0.00003
0.00008

3.0

0.00003
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Modelling the Peak Profile

13

Mathematical model to describe the

o CuKa, & CuKa, duplet
peak profile is needed. ! ?

20000 -
_ 18000
Two different approaches: 1
16000
14000 _
<+ Use empirical function 1 CuKa Satellites
' 12000 A (= CuKat,)
» Pseudo-Voigt > :
‘G 10000
< Pearson-IIV 5
£ 8000 .
v CuKp Absorption Edge
6000 - \
v Simulate peak profile from 40007 X
i i i 2000 -
instrument configuration _ Remaining Bremsstrahlung
<+ Convolute the effect of every 0 - I - I - l : l : u
optical element 27 28 29 30 31 32
Diffraction Angle (°20)

= Fundamental Parameters Approach (FPA)
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Fundamental Parameters Approach (FPA)

Calculate the peak profile from the device configuration

Take into account the contributions of:

- Source emission profile (X-ray wavelength distribution from Tube)

- Every optical element in the beam path (position, size, etc.)

- Sample contributions (peak broadening due to crystallite size & strain)

0 + = 0 + = 0 + = 0+ = 0+ 0 -
Emission Profile Target Slit Width Horizontial Axial Crystallite Size
tan(p) Divergence Divergence 1/cos(26) CS
a«” cot(d) SL? cot(#)
! J \ J \
I I I
Tube Device Configuration Sample

14

www.bruker.com
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Fundamental Parameters Approach (FPA)

X-ray
tube
Soller slit

Divergence
slit

Detector

Soller slit

www.bruker.com
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Fundamental Parameters Approach (FPA)

Intensity [a.0.]

Calculated Peak Profiles

Intensity [a.0.]
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Fundamental Parameters Approach

17

Intensity [a.u.]

If done properly:
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Very good description of the peak profile
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Summary: Rietveld Refinement Basics

<+ Step 1: Phase identification

< Step 2: Obtain crystal structure models for all phases

<+ Step 3: Rietveld refinement:
<+ Calculate XRD pattern from model structure
¥ Minimize differences between calculated and measured pattern

< Accurate mathematical description of peak profile required:

+ Classical Rietveld approach: Fit a peak shape function (PV
or similar) to reference pattern

¥ Fundamental Parameters Approach: Calculate peak
profile from device configuration
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Refinement Strategies

Relation between Pattern Features and Structural Features

5000 A~
—— Measured Pattern (lobs)
— Calculated Pattern (Icalc)
— Difference (lobs-Icalc)
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Diffraction Angle [°2theta]
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Refinement Strategies
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Refinement Strategies

10000 —

5000 —

Intensty [counts]

21

.50
Angle [*28]

3100

Wrong peak positions

Cause:
+ Cell parameters
+ Sample height displacement

<+ Instrument misalignment

Solution:
Refine cell parameters
(and sample height displacement)
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Refinement Strategies

)
£
5
g
F-d
E

30,00

Angle [*26]

Wrong absolute intensities

Cause:
+» Weight fraction (scaling)

Solution:
Refine phase scale factor
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Refinement Strategies

10000

5000

nts]

23

Backgroun

40,00
Angle [*26]

50.00

Wrong relative intensities

Cause:

+ Texture / Preferred orientation

¥ @Graininess

+» Atomic species / substitutions

<+ Atomic coordinates / site
occupancies / thermal displacement

Solution:

1. Check sample quality

2. Refine texture

3. Full structure refinement

(atomic parameters)
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Refinement Strategies

a

=

>

g
=
k=
e
g

Inity

Angle [28]

3500

37.50

Wrong peak width

Cause:
+ Crystallite size
+ Micro-strain

<+ Surface roughness
<+ Sample transparency

Solution:
Refine crystallite size
and / or micro-strain
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Refinement Strategies




Refinement Strategies

Phase composition: 100% Al,O5; Corundum

Starting Model Refined
Unit cell a 0.4775 nm Unit cell a 0.4760127 +-
Unit cell ¢ 1.2993 nm 0.0000028 nm
o Unit cell ¢ 1.2995974 +-
Crystallite Size Inf. 0.0000077 nm
Atomic Coordinates Al 0.0 /0.0/0.3522 Crystallite Size 1267 +- 138 nm
Atomic Coordinates O 0.3062 / 0.0 / 0.25 Atomic Coordinates Al 0.0 / 0.0 / 0.3522

Atomic Coordinates O  0.3062 / 0.0/ 0.25

RMSh
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Summary: Refinement Strategies

Observation in diffraction pattern Origin in crystal structure model

Wrong peak positions

Wrong absolute intensities

Wrong relative intensities

Wrong peak width

Unit cell dimensions
Sample height displacement

Weight fraction (scaling)

Preferred orientation
Atomic species / substitutions / vacancies
Atomic coordinates / displacement parameters

Crystallite size
Micro-strain
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