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Powder Diffraction
In order to observe a diffracted X-ray beam from a single crystal, the crystalIn order to observe a diffracted X ray beam from a single crystal, the crystal 
must be rotated with respect to the incident X-ray beam so that a particular 
set of hkl planes makes the correct angle θhkl with the incident beam so as 
to satisfy Bragg’s law.

Crystalline powders contain large numbers of small crystallites, each of 
which is randomly orientated. Therefore at any one time all the allowed hkl
l ill b l i d i h X b i f iblplanes will be correctly orientated in the X-ray beam. i.e for every possible 

hkl some crystals will make the correct θhkl for diffraction to occur.

Crystal 1 shows the (002) sets of planes but is1

2

Crystal 1 shows the (002) sets of planes but is 
not correctly aligned with the incident beam

2 shows the same crystal with the parallel set of 

3

y p
(001) planes which are correctly aligned, so 
diffraction occurs

3 shows another crystal where the (002) planes 
are correctly aligned so diffraction occurs.



Powder Diffractometer
In the laboratory X ray powder method a single wavelength of collimatedIn the laboratory X-ray powder method a single wavelength of collimated 
X-ray beam is incident to the powder. The diffracted beams are 
subsequently observed by radiation detectors. 

The resulting diffracted beams can be measured and the corresponding d-
spacings calculated. The final results are essentially intensity versus d-
spacings (or 2θ). p g ( )

Modern diffractometers are computer controlled and allow for fast and 
efficient data collection and subsequent analysis.



Powder Diffractometer



Modern PanAlytical X’Pert Pro diffractometer with Bragg-Brentano θ/θ
focusing geometry.g g y





Multiplicities

In powder diffraction because three-dimensional space is reduced to one 
dimension in the powder pattern then if two sets of planes have the same 
d-spacing they will both contribute to the same peak.

e.g. For cubic crystals

dddddd ===== 001010100100010001 dddddd =====

Therefore multiplicity = 6Therefore multiplicity  6

Two different reflections (not hkl permutations) may also have the same 
d-spacingp g

e.g. In cubic crystals

dd 333511 dd =



Characterisation of Materials by Powder 
DiffractionDiffraction

X-ray powder diffraction is a fundamental tool for materials 
characterisation.

e.g.
(1) Qualitative analysis
(2) Unit cell refinement
(3) Structure refinement
(4) Structure determination
(5) Q tit ti l i(5) Quantitative analysis
(6) Phase transition studies
(7) Superlattice identification
(8) Kinetic studies(8) Kinetic studies
(9) Crystallite size determination
(10) Strain analysis
(11) Preferred orientation (Texture)(11) Preferred orientation (Texture)



Qualitative Analysis
Th i l f th j it f X d diff t t i hThe primary role of the majority of X-ray powder diffractometers is phase 
identification. This relies on the fact that every unique crystal structure has 
its own unique powder pattern, i.e. its own fingerprint.

PDF
The Powder Diffraction File (PDF-2 or PDF-4) represents the most 
complete database of powder diffraction data. The database can becomplete database of powder diffraction data.  The database can be 
searched in a number of ways by a variety of commercial search engines.

A typical search would involve the loading of a powder pattern and yp g p p
automatic measurement of the diffraction peaks.  These would then be 
compared to those in the database and matches ranked according to how 
good the match is.

To narrow the search it is advisable to restrict the search to compounds 
containing only those elements you know were in the reaction mixture.







Card Information 
Names: Sodium Calcium Phosphate 
Formula: Na4 Ca ( P O3 )6 
PDF Number: 25-811 
Quality: indexedQuality: indexed
Subfiles: inorganic 
 

Cell and Symmetry Information 
System: monoclinic Space Group: C*/c     (no.  15) 
a: 13.248 b: 8.120 c: 14.384 
b: 94.65  
Density (Dx): 2.609 Z: 4 
 

Instrument Information 
Wavelength: 0 
 

 
Literature References 

General: Grenier et al. Bull. Soc. Fr. Mineral. Cristallogr.   93    52 (1970) 
Unit Cell: Ibid. Bull. Soc. Fr. Mineral. Cristallogr.            (    ) 
 

Peak DataPeak Data 
 

 
PeakList 
  h  k  l    d   I 
  0  0  2 7.1800   20 
  1  1  0 6.9300    5 
  2  0  0 6.6300    5 
 -1  1  1 6.3100   5
  1  1  1 6.1400    5 
 -2  0  2 5.0600   45 
  2  0  2 4.6700   15 
 -1  1  3 4.0100   25 
  1  1  3 3.8600   15 
 -3  1  1 3.8000   25 
  0  0  4 3.5800    5 
 -3  1  2 3.5100   25 

2 2 1 3 3900 5 -2  2  1 3.3900   5
  2  2  1 3.3300   20 
 -2  0  4 3.2600   30 
 -4  0  2 3.1000  100 
  2  0  4 3.0500   20 
  3  1  3 2.9060   55 
 -2  2  3 2.8560    5 
  2  2  3 2.7430   10 
  1  3  0 2.6490   5
  1  3  1 2.5970   10 



Crystallographic Databases

ICSDICSD Inorganic Crystal Structure Database ca. 50,000 Inorganic 
compounds

CSDCSD Cambridge Structural Database, Organic/Organometallic 
Structures > 100,000 compounds

CDIFCDIF Crystal class and unit cell data

PDBPDB Protein database

MDFMDF Metals Data file



ICSD on the Web





Using crystallographic data powder diffraction patterns may be calculated 
using a variety of software:using a variety of software:

e.g.

LAZY-PULVERIXLAZY PULVERIX

POWDER-CELL



Unit cell refinement

Assuming that you have been able to identify phases and index the 
powder pattern, it is often useful to refine unit cell dimensions. This is 
particularly important if you want to identify solid-solutions.p y p y y

(1) Measure the peaks accurately

(2) Index the peaks

(3) Refine the unit cell dimensions and zero-point correction.

There are a number of programs available to do this. However they all 
rely on accurate peak measurement. Some incorporate automatic peak 
measurementmeasurement 

Often where the structure is known you are better off carrying out a 
Rietveld refinement Alternatively a LeBail type fit can be carried outRietveld refinement.  Alternatively a LeBail type fit can be carried out.







e.g. Thermal variation of cubic lattice parameter in Bi3YO6g p 3 6



Structure Refinement
Th Ri t ld th d i t t fi t t h i f dThe Rietveld method is a structure refinement technique for powder 
diffraction data which fits the whole powder pattern including peak shapes 
and background.

Stages in Rietveld Refinement

(1) Decide on initial structural model(1) Decide on initial structural model
(2) Refine background and overall scale
(3) Refine Unit cell dimensions
(4) Refine zero-point correction( ) p
(5) Refine peak shape
(6) Refine atomic coordinates
(7) Refine thermal parameters and/or occupancies
(8) Check model and closeness of fit



Structure Determination
For structure refinement an initial structural model is required beforeFor structure refinement an initial structural model is required before 
refinement can proceed.

In structure determination the initial model is found using an ab-initioIn structure determination the initial model is found using an ab initio
approach.

There are a number of stages in structure determinationg

(1) Unit cell determination and indexing
(2) Space Group identification
(3) Intensity extraction
(4) Initial model determination 
(5) Rietveld refinement
(6) Difference Fourier maps generated to locate remaining atoms(6) Difference Fourier maps generated to locate remaining atoms
(7) Final Rietveld Refinement



Unit cell determination and indexing
There are a number of methods for indexing. All require accurate measurement 
of diffraction peaks. 

Typically 20 peaks or more are used These should include all the high dTypically 20 peaks or more are used. These should include all the high d-
spacing peaks.

The most popular programs arep p p g

Visser

ITOITO

TREOR

DICVOL

Typically these programs will offer a number of possible solutions. 



TREOR output for bismuth zirconium vanadate
 NUMBER OF SINGLE INDEXED LINES=    5 TOTAL NUMBER OF LINES=    8 
  NUMBER OF SINGLE INDEXED LINES =    5 
   TOTAL NUMBER OF LINES =    8 
   A =  9.969106  0.001236 A   ALFA = 90.000000  0.000000 DEG 
   B =  9.969106  0.001236 A   BETA = 90.000000  0.000000 DEG 
   C = 19.823130  0.008515 A  GAMMA = 90.000000  0.000000 DEG
   UNIT CELL VOLUME =   1970.08 A**3 
    H   K   L SST-OBS  SST-CALC   DELTA   2TH-OBS 2TH-CALC D-OBS   FREE PARAM. 
    1   1   2 0.018007 0.018009 -0.000001  15.424  15.424  5.7448             
    2   0   0 0.023954 0.023919  0.000035  17.807  17.794  4.9809             
    3   0   0 0.053641 0.053818 -0.000177  26.783  26.828  3.3285             
    2   2   2          0.053887                    26.846 

3 1 0 0 059798 28 309    3   1   0          0.059798                   28.309
    3   0   2 0.060039 0.059867  0.000172  28.367  28.326  3.1462             
    1   0   6          0.060424                    28.460 
    3   1   3 0.073461 0.073409  0.000052  31.452  31.440  2.8443             
    3   2   0          0.077737                    32.379 
    3   0   4 0.078010 0.078015 -0.000006  32.437  32.438  2.7601             
    2   0   6          0.078364                    32.513 

5 0 0 0 149477 0 149494 0 000017 45 489 45 492 1 9939    5   0   0 0.149477 0.149494 -0.000017  45.489  45.492  1.9939            
    3   3   6 0.162067 0.162080 -0.000013  47.479  47.481  1.9149             
 NUMBER OF OBS. LINES =    8 
 NUMBER OF CALC. LINES =   13 
 M(  8)=  11  AV.EPS.= 0.0000592 
 F  8 =   5.(0.014699,  120) 
  M   CF. J.APPL.CRYST. 1(1968)108  

F CF J APPL CRYST 12(1979)60  F  CF. J.APPL.CRYST. 12(1979)60 
     0  LINES ARE UNINDEXED  
 CHECK IF THERE IS ANY COMMON FACTOR IN THE QUADRATIC FORMS 
 CHECK CONVERGENCE IN THE REFINEMENT (EV. USE PROGRAM PIRUM OR PURUM) 
 END OF CALCULATIONS 
 USED CPU-TIME=      0. SEC.



Space Group Assignment
S i t i i d t i t ti b i thSpace group assignment is carried out using systematic absences in the 
reflection data.

Intensity ExtractionIntensity Extraction

Intensity extraction is usually carried using either the method of Pawley or 
Le-BailLe-Bail.

Both methods use a Rietveld-like approach in that they fit the whole 
pattern, but with no structural model.pattern, but with no structural model.  

These methods rely on accurate high resolution data since peak overlap 
needs to be minimised. 

The result is a set of quasi-single crystal data which can be analysed 
using standard single crystal packages.



Determination of Initial Model

Three methods are now commonly used.

(1) Patterson vector density methods(1) Patterson vector density methods

(2) Direct methods

(3) Probabilistic methods

The first two are identical to the single crystal methods already 
discussed.



Quantitative Analysis
For mixtures of phases X-ray powder diffraction can be used to 
quantify the different fractions present. In some cases it may be the 
only method possible for example a mixture of  different phases of 
ilisilica.

There are a number of well established methods. However, the 
Rietveld method offers a quick and accurate way to determine phaseRietveld method offers a quick and accurate way to determine phase 
fractions through multi-phase refinement.

Accuracy is a problem Typically percentage weights have ± 5% errorAccuracy is a problem. Typically percentage weights have  ± 5% error.





 
Final refinement x = 0.30 

 
Phase 1 γ-Bi2Zr0.25V0.75O5.375, Fw = 564.97 
Phase 2 Bi8V2O17, Fw = 2045.718 2 17,
Phase 3 ZrO2, Fw = 123.22 
 
Rwp = 0.1229, Rp = 0.0940, Rex = 0.1117, χ2= 1.219, nvar = 30 
 
Phase  1 
    a         b         c       alpha     beta      gamma     volume 
3 94477 3 94477 15 44026 90 000 90 000 90 000 240 2693.94477   3.94477  15.44026    90.000    90.000    90.000     240.269
 .00031    .00031    .00214      .000      .000      .000        .057 
 
Phase  2 
    a         b         c       alpha     beta      gamma     volume 
3.80731   3.80731  10.00677    90.000    90.000   120.000     125.621 
 .00029    .00029    .00092      .000      .000      .000        .022 
 
Phase  3 
    a         b         c       alpha     beta      gamma     volume 
5.14166   5.21076   5.31369    90.000    99.225    90.000     140.523 
 
 .00390    .00463    .00426      .000      .042      .000        .100 
 

/Phase/element fractions for phase no.  1
Wt. Frac.:     .39231                                                   
Sigmas   :     .276381E-02                                              
 
Phase/element fractions for phase no.  2 
Wt. Frac.:     .48831                                                   
Sigmas   :     .273864E-02                                              
 
Phase/element fractions for phase no.  3 
Wt. Frac.:     .11938                                                   
Sigmas   :    .571275E-02                                               
 
Mol % 
Phase 1 36.5%
Phase 2 12.6% 
Phase 3 50.9% 
 



Phase Transition Studies

X-ray powder diffraction is ideally suited for examining crystallographic 
phase transitions

B th iti l d t t d d b i dBoth compositional and temperature dependence can be examined.



Superlattices

X-ray powder diffraction is superior to Single crystal diffraction in 
identifying superlattice reflections.



Joint X-ray and Neutron Refinements
J i t fi t bi th d t f t d XJoint refinements combine the advantages of neutron and X-ray 
refinements. Neutron refinements are particularly useful for accurate 
refinement of light atoms, while X-ray refinements give better 
parameters on the heavy atomsparameters on the heavy atoms.

e.g. Bi4Al2O9



Fitted X-ray dataFitted X ray data

Fitted neutron data


