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Often the quality of the pattern is low (also at synchrotron!)


Low sample quantity/quality



Short collection time



High noisy background (fluorescence, amorphous phase)



High peak overlap (multiple phases)

Main data reduction steps:


Background stripping



Data smoothing (Savitzky- Golay method, Fourier method )



Kα2 stripping (not at synchrotron)



Peak search

DATA REDUCTION



The main origin of background:


Direct beam



Amorphous phase


Sample holder








Zero-background holder

Sample

Fluorescence


Air



Iron, chrome …..

The background is interpolate by a
polynomial


Different functions are used



Risk: interpolation of broad peaks

BACKGROUND



The peak search is a complicate procedure


Univocally differentiate the peaks from the background is a not trivial algorithm



Trend orientated algorithm







On a range of points that are few σ above the average background a parabola is
fitted



If the parabola has a maximum and an acceptable FWHM, the peak is taken



Difficult to determine low intensity peaks and shoulder peaks

Second Derivative method


Doing the first and second derivative of the pattern, the peak maxima correspond
to zeros of first derivative and the minima of the second derivative



Calculate the derivate increase the pattern noise

Manual definition of the peaks

PEAK SEARCH



Since the discover, it was clear the advantage of Powder
Diffraction as a tool for qualitative analysis



In 1938 the first database with 1000 patterns



In 40’s formation of ASTM and use of standard pattern cards



1969 Join Committee of Powder Diffraction Standards (JCPDS)



1977 JCPDS become International Centre for Diffraction Data
(ICDD)



1994 ICDD Powder Diffraction File (PDF) reach 60,000 patterns



Nowadays more 400,000 entries with 300,000 atomic structure

DIFFRACTION DATABASES







Cambridge Structural Database(CSD)


With more than 900,000 organic structures



No diffraction pattern

Inorganic Crystal Structure Database (ICSD)


more than 200,000 inorganic structures



Now included in the PDF database

Protein Data Bank (PDB)




About 90,000 protein and DNA sequences

Crystallography Open Database (COD)


About 400,000 structure and calculated pattern



Free but not reviewed

OTHER DATABASE







This data base unify 5 databases


ICDD Powders (00) – International Centre for Diffraction Data



ICSD (01) – Fachinformationszentrum Karlsruhe (FIZ)



CSD(02) -Cambridge Structural Database (only in the PDF4 organics)



NIST (03) – National Institute of Standards and Technology



MPDS (04) – Material Phases Data System



ICDD Single Crystal Data (05) – International Centre for Diffraction Data

The structure of the chemical compound is reported if available
Experimental pattern
No-ambient data and structure

THE PDF-4+ DATABASE



The first approach was the search on indexes based on the three
strongest peaks



Using the digitalized database, the search is easier. Reducing the number
of the cards using:


Chemical information



Subfiles




Organic, inorganic, ceramic, common phases ….

Automatic phases search with “search-match” algorithm:


Each card is assigned by a Figure of Merit (FoM)


The bests FoM are listed



The FoM calculation take in account the presence and absence of the reported
peaks in the experimental pattern and the intensities



Different weighting schemes for different Search-match software

QUALITATIVE ANALYSIS



Due to the strong peak overlaps in powder diffraction patterns, is
difficult to assign the correct Miller Index intensity



Two main approaches have developed to extract information
from the powder patterns; both methods simulate the observed
pattern using the crystallographic information and the profile
functions:


Whole Profile Fitting: the intensity are “guessed”



Rietveld Method : the intensity are calculated from the structural
information

WHOLE PROFILE FITTING:
INTRODUCTION



For the Whole Profile Fitting (WPF) the only information to give is
the cell parameter. The observed intensity are fitted freely or
weighted by the initial intensity



The WPF is useful when:


There is no structural model



The peak intensity ratio is biased:


High preferred orientation



Thin film



Low crystallinity



Extreme condition

WHOLE PROFILE FITTING:
INTRODUCTION



The WPF is used to:






Extract the peak positions


Space group



Cell refinement


Compression/thermal expansion



Chemical substitution

Extract the intensities


Structure determination (SDPD)



Structure refinement ( 2step refinement)



Quantitative analysis

Profile analysis


Grain size



Micro-stress



Anisotropic broadening

WHOLE PROFILE FITTING:
INTRODUCTION





Until the end of 70’s the powder diffraction was a minor technique:


Qualification of powder



Cell edge



Resolution of easy structure

In 1969 Hugo Rietveld (1932-2016) publish ‘A profile refinement
method for nuclear and magnetic structures’ where he revolutionize
the powder diffraction


Before the work was on extracted integrated intensities



Rietveld move the focus from the integrated intensities to the intensities
of each diffraction point


Each point of diffraction pattern is calculated taking in account all diffraction
peak that contribute to it

RIETVELD METHOD



In the Rietveld method the peak intensities are calculated using the
structure and the refinement is not on the peak intensity but on the
structural parameters (atom positions, thermal parameters…)



For each point of the diffractogram the yci intensity is calculated:


𝑦𝑦𝑐𝑐𝑖𝑖 = 𝑠𝑠 ∑𝐾𝐾 𝐿𝐿𝐾𝐾 𝐹𝐹𝐾𝐾 2 𝜙𝜙 2𝜃𝜃𝑖𝑖 − 2𝜃𝜃𝐾𝐾 𝑃𝑃𝐾𝐾 𝐴𝐴 + 𝑦𝑦𝑏𝑏𝑏𝑏𝑔𝑔𝑖𝑖


s= Scale factor

K=Miller Index



L= Polarization and multiplicity

φ=Profile function



P= preferential orientation

A=absorption



F=structure factor

ybi=background contribution

RIETVELD METHOD



The refinement is performed to minimize the square differences
between the calculated and observed intensities


𝜒𝜒 2 = ∑𝑛𝑛𝑖𝑖=1 𝑤𝑤𝑖𝑖 𝑦𝑦𝑜𝑜𝑖𝑖 − 𝑦𝑦𝑐𝑐𝑖𝑖 𝛽𝛽


n number of the point in the diffraction pattern



𝑤𝑤𝑖𝑖 =






2

1
𝑦𝑦𝑖𝑖

point weigth

𝑦𝑦𝑜𝑜𝑖𝑖 observed intensity

𝑦𝑦𝑐𝑐𝑖𝑖 calculated intensity

𝛽𝛽 the vector of the refined parameters

The refinement is performed in function of the parameters 𝛽𝛽

RIETVELD METHOD



In order to minimize the difference between observed and
calculated profile

𝛿𝛿𝜒𝜒2
𝛿𝛿𝛿𝛿

=0



The system is not linear so an interactive method should be used



The Taylor expansion of 𝑦𝑦𝑐𝑐𝑖𝑖 𝛽𝛽 around an initial vector of parameters
𝛽𝛽0 is calculated



To minimize 𝜒𝜒 2 , 𝛽𝛽0 is perturbated for a value δ𝛽𝛽

LAST SQUARE METHOD



δ𝛽𝛽 is obtained resolving the following system of equation
𝑨𝑨δ𝛽𝛽 = 𝒃𝒃




𝜹𝜹𝒚𝒚𝒄𝒄𝒊𝒊 𝜷𝜷𝟎𝟎 𝜹𝜹𝒚𝒚𝒄𝒄𝒊𝒊 𝜷𝜷𝟎𝟎
𝑨𝑨𝒌𝒌𝒌𝒌 = � 𝒘𝒘𝒊𝒊
𝜹𝜹𝜷𝜷𝒌𝒌
𝜹𝜹𝜷𝜷𝒍𝒍
𝒊𝒊
𝜹𝜹𝒚𝒚𝒄𝒄𝒊𝒊 𝜷𝜷𝟎𝟎
𝒃𝒃𝒌𝒌𝒌𝒌 = � 𝒘𝒘𝒊𝒊 𝒚𝒚𝒊𝒊 − 𝒚𝒚𝒄𝒄𝒊𝒊
𝜹𝜹𝜷𝜷𝒌𝒌
𝒊𝒊

The new set of the parameters is 𝛽𝛽1 = 𝛽𝛽0 + δ𝛽𝛽

The process is done again for other interaction until δ𝛽𝛽 is below a
convergence limit

LAST SQUARE METHOD




Error on the peak intensity




R-structure factor
𝑹𝑹𝑭𝑭 =



Error on the full pattern

𝟏𝟏

𝟏𝟏

𝑹𝑹𝒑𝒑 =

𝟏𝟏

∑ 𝑰𝑰𝑲𝑲 𝒐𝒐𝒐𝒐𝒐𝒐 𝟐𝟐 −𝑰𝑰𝑲𝑲 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 𝟐𝟐
∑ 𝐼𝐼𝑲𝑲 𝒐𝒐𝒐𝒐𝒐𝒐 𝟐𝟐



R-structure Bragg (F2)
𝑹𝑹𝑩𝑩 =

∑ 𝑰𝑰𝑲𝑲 𝒐𝒐𝒐𝒐𝒐𝒐 − 𝑰𝑰𝑲𝑲 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄
∑ 𝑰𝑰𝑲𝑲 𝒐𝒐𝒐𝒐𝒐𝒐

R-pattern





∑ 𝒚𝒚𝒊𝒊 𝒐𝒐𝒐𝒐𝒐𝒐 − 𝒚𝒚𝒊𝒊 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄
∑ 𝒚𝒚𝒊𝒊 𝒐𝒐𝒐𝒐𝒐𝒐

R-pattern w/o background
𝑹𝑹𝒃𝒃𝒃𝒃𝒃𝒃 =

R-weighted pattern
∑ 𝒘𝒘𝒊𝒊 𝒚𝒚𝒊𝒊 𝒐𝒐𝒐𝒐𝒐𝒐 − 𝒚𝒚𝒊𝒊 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄
𝑹𝑹𝐰𝐰𝒑𝒑 =
∑ 𝒘𝒘𝒊𝒊 𝒚𝒚𝒊𝒊 𝒐𝒐𝒐𝒐𝒐𝒐 𝟐𝟐
Reduced chi square
(GoF) 𝝌𝝌 =
𝟐𝟐

ERROR INDEX

∑ 𝒚𝒚𝒊𝒊 𝒐𝒐𝒐𝒐𝒐𝒐 − 𝒚𝒚𝒊𝒊 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄
∑ 𝒚𝒚𝒊𝒊 𝒐𝒐𝒐𝒐𝒐𝒐 − 𝒚𝒚𝒃𝒃𝒃𝒃𝒈𝒈𝒊𝒊

𝑹𝑹𝒘𝒘𝒘𝒘

𝑹𝑹𝒆𝒆𝒆𝒆𝒆𝒆

𝟐𝟐

𝟏𝟏
𝟐𝟐 𝟐𝟐

GRAPHICAL ANALYSIS



To determine the structure of an unknown phase the first step is
determine the cell parameters and the symmetry



“Indexing” is the process to determine the cell parameters and
give a Miller index to each diffraction peak



With single-crystal patterns the indexing is a quite easy
automated procedure

INDEXING PROCESS



In the powder patterns, the situation is more complicated:


Mono-dimensional pattern



Peak overlaps at high angle



Instrumental shifts of the peaks



Impurity peaks



“the “indexing problem” is essentially a puzzle (…), It would be
quite an easy puzzle if the of measurement did not exists” (de
Wolf)



The “easy puzzle” is bases on the equation that relate the peak
position to the cell parameters

INDEXING FOR XPD



The basic equation the relate peak position and cell parameters:


𝑄𝑄ℎ𝑘𝑘𝑘𝑘 = ℎ2 𝐴𝐴11 + 𝑙𝑙2 𝐴𝐴22 + 𝑘𝑘 2 𝐴𝐴33 + ℎ𝑘𝑘𝐴𝐴12 + 𝑘𝑘𝑙𝑙𝐴𝐴23 + ℎ𝑙𝑙𝐴𝐴13







𝐴𝐴11 = 104 𝑎𝑎∗2 … , 𝐴𝐴12 = 104 � 2𝑎𝑎∗ 𝑏𝑏∗ cos 𝛾𝛾 ∗ …
𝑄𝑄ℎ𝑘𝑘𝑘𝑘 =

104

d2hkl

= 104 �

2𝑑𝑑 sin 𝜃𝜃ℎ𝑘𝑘𝑘𝑘
𝜆𝜆

If there is any error with few peaks it possible to determine the cell parameters


Giving basic Miller index to lowest angle peaks i.e. (0,0,1); (1,1,0); (1,1,1), (2,0,0)



Testing the presence of the other peaks

In reality:


𝑄𝑄ℎ𝑘𝑘𝑘𝑘 − Δ < ℎ2 𝐴𝐴11 + 𝑙𝑙 2 𝐴𝐴22 + 𝑘𝑘 2 𝐴𝐴33 + ℎ𝑘𝑘𝐴𝐴12 + 𝑘𝑘𝑘𝑘𝐴𝐴23 + ℎ𝑙𝑙𝐴𝐴13 < 𝑄𝑄ℎ𝑘𝑘𝑘𝑘 + Δ

INDEXING PUZZLE







ITO


Use the possible geometrical relation between vectors with Q length



Efficient for low symmetry

TREOR


“Trial and error” technique



Select of some sets of basic lines (low index) to determine the other lines



Testing different sets some possible solution are determined

DICVOL91


The algorithm explore the possible cell parameters in an estimated
volume range



The possible peak sets are confronted with observed lines

CLASSIC INDEXING SOFTWARE

Ln(Counts)

10
9.5
9
8.5
8
7.5
7
6.5
6
5.5
5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0
-0.5
-1

Gazit258 KaiTao caroboxil-ZnCl2 3 60 cap 12 h .raw

11

12

13

14

15

16

hkl_Phase

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

2Th Degrees

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

0.00 %

49

50



Using the systematic absences, the cell centering, roto-traslations
and glide mirrors.



Due the peak overlap, it is not trivial to consider a peak extinct



A statistical method (DASH) is used to give a FOM to the possible
space group



Looking the structure databases (CCDC), the probability that a
structure have a Space Group is given

SPACE GROUP DETERMINATION



Ab initio methods


Patterson Method






Fourier transform of observed intensities

Direct method


Phase sampling in reciprocal space



Work well with single crystal data



In powder diffraction, there is the problem of intensity extraction


Preference orientation



Background extraction



peak overlapping

Molecular replacement method


From reported structure with similar topology



Very common in Inorganic structures

STRUCTURE DETERMINATION METHODS



Sampling of the possible configuration and position of molecules


Starting from a molecular model



Very useful for organic and metalorganics molecules



Different strategies of sampling




Grid search method


Vary all parameters in small fixed steps



Find the set of parameters with best agreement



Monte Carlo method



Simulated annealing

The variables:


Molecular position and rotation



Internal Degree of Freedom (DOF)


Atom distances



Torsion angles

DIRECT SPACE METHOD



Monte Carlo


Starting with a set of parameters




𝑝𝑝𝑖𝑖 = 𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝜃𝜃, 𝜑𝜑, 𝜓𝜓, 𝜏𝜏1 , … , 𝜏𝜏𝑛𝑛

Varying randomly the parameters


𝑝𝑝𝑖𝑖 = 𝑝𝑝𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑟𝑟𝑖𝑖 𝑠𝑠𝑖𝑖 Δ𝑝𝑝



Calculated pattern and Rwp



Defying a cost function (CF)




Usually CF= Rwp

Verify the acceptance criterion


exp −




𝐶𝐶𝐶𝐶−𝐶𝐶𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜
𝑇𝑇

> 𝑟𝑟

(Metropolis Criterion)

If the relation is satisfied the new structure is taken

MONTE CARLO METHODS



The Metropolis Criterion is similar to Boltzmann’s Factor
𝐸𝐸
exp −




𝐾𝐾𝐵𝐵 𝑇𝑇

In thermodynamics reducing the temperature, the energy go to zero

The SA method imitates the nature


Melting: At the begin, T is big to give the possibility to the parameter to
move freely



Quenching: slowly T is reduced in order to freeze the parameter
avoiding false minimum


Different schemes of T decrease can be used depending the computing
time

SIMULATED ANNEALING METHOD

