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• Diffraction occurs when each object in a periodic array scatters radiation 
coherently, producing concerted constructive interference at specific 
angles.

• The electrons in an atom coherently scatter light. 
– The electrons interact with the oscillating electric field of the light 

wave. 
• Atoms in a crystal form a periodic array of coherent scatterers.

– The wavelength of X-rays are similar to the distance between atoms.
– Diffraction from different planes of atoms produces a diffraction 

pattern, which contains information about the atomic arrangement
within the crystal

• X-Rays are also reflected, scattered incoherently, absorbed, refracted, and 
transmitted when they interact with matter.

The atoms in a crystal are a periodic array of coherent scatterers and thus can 
diffract light.
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• Phase Composition of a Sample
– Quantitative Phase Analysis: determine the relative amounts of phases 

in a mixture by referencing the relative peak intensities

• Unit cell lattice parameters and Bravais lattice symmetry
– Index peak positions
– Lattice parameters can vary as a function of, and therefore give you 

information about, alloying, doping, solid solutions, strains, etc.

• Residual Strain (macrostrain)

• Crystal Structure
– By Rietveld refinement of the entire diffraction pattern

• Epitaxy/Texture/Orientation

• Crystallite Size and Microstrain
– Indicated by peak broadening
– Other defects (stacking faults, etc.) can be measured by analysis of 

peak shapes and peak width

XRD can be used to determine:

θω 2θ

X-ray 
tube

Detector

Bragg-Brentano geometry

•The incident angle, ω, is defined between the X-ray source and the sample.
•The diffracted angle, 2θ, is defined between the incident beam and the detector 
angle. 
•The incident angle ω is always ½ of the detector angle 2θ . 
•In a θ:2θ instrument (e.g. Rigaku RU300), the tube is fixed, the sample rotates at θ
°/min and the detector rotates at 2θ °/min.
•In a θ:θ instrument (e.g. PANalytical X’Pert Pro), the sample is fixed and the tube 
rotates at a rate -θ °/min and the detector rotates at a rate of θ °/min.

Credits Scott A Speakman http://prism.mit.edu/xray
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2θ

At 20.6° 2θ, Bragg’s law 
fulfilled for the (100) planes, 
producing a diffraction peak.

The (110) planes would diffract at 29.3°
2θ; however, they are not properly 
aligned to produce a diffraction peak 
(the perpendicular to those planes does 
not bisect the incident and diffracted 
beams). Only background is observed.

The (200) planes are parallel to the (100) 
planes. Therefore, they also diffract for this 
crystal. Since d200 is ½ d100, they appear at 
42° 2θ.

A single crystal specimen in a Bragg-Brentano diffractometer would produce 
only one family of peaks in the diffraction pattern.

Credits Scott A Speakman http://prism.mit.edu/xray

2θ 2θ 2θ

• For every set of planes, there will be a small percentage of crystallites that are properly 
oriented to diffract (the plane perpendicular bisects the incident and diffracted 
beams). 

• Basic assumptions of powder diffraction are that for every set of planes there is an 
equal number of crystallites that will diffract and that there is a statistically relevant 
number of crystallites, not just one or two.

A polycrystalline sample should contain thousands of crystallites. Therefore, all 
possible diffraction peaks should be observed

Credits Scott A Speakman http://prism.mit.edu/xray
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Crystallite size broadening

B.E. Warren, X-Ray Diffraction, Dover

Crystallite size broadening
The Laue Equations describe the intensity of a diffracted peak from a single 
parallelepiped crystal

When N is small, the diffraction 
peaks become broader
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• Instrumental Peak Profile
• Crystallite Size
• Microstrain

– Non-uniform Lattice Distortions
– Faulting
– Dislocations
– Antiphase Domain Boundaries
– Grain Surface Relaxation

• Solid Solution Inhomogeneity
• Temperature Factors

• The peak profile is a convolution of the profiles from all of these 
contributions

Many factors may contribute to the observed peak profile

Credits Scott A Speakman http://prism.mit.edu/xray

Scherrer Equation
Approximations:
1) The shape of the crystal is well defined (cubic, spherical, etc.)
2) Crystal free from strains and defects! peak broadening is only due to the 
small crystallite size
3) The system is monodisperse. 

B(2θ): full width in radians at half maximum intensity of the powder pattern 
peak.
L: cube edge dimension
K: constant which depends on the particle morphology and how the peak width is 
determined

Even though the Scherrer equation should be applied for isotropic crystals only, 
it can be used for anisotropic materials, with acceptable results, if for each hkl-
reflection the L value is interpreted as an average crystal dimension 
perpendicular to the reflecting plane
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• The constant of proportionality, K (the Scherrer constant) depends on the 
how the width is determined, the shape of the crystal, and the size 
distribution

– the most common values for K are:
• 0.94 for FWHM of spherical crystals with cubic symmetry
• 0.89 for integral breadth of spherical crystals w/ cubic symmetry
• 1, because 0.94 and 0.89 both round up to 1 

– K actually varies from 0.62 to 2.08

• For an excellent discussion of K, refer to JI Langford and AJC Wilson, 
“Scherrer after sixty years: A survey and some new results in the 
determination of crystallite size,” J. Appl. Cryst. 11 (1978) p102-113.

The Scherrer Constant, K

Credits Scott A Speakman http://prism.mit.edu/xray

Scherrer Equation
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• Peak Width due to crystallite size varies inversely with crystallite size
– as the crystallite size gets smaller, the peak gets broader

• The peak width varies with 2θ as 1/cos θ
– The crystallite size broadening is most pronounced at large angles 2theta

• However, the instrumental profile width and microstrain broadening 
are also largest at large angles 2theta

• Peak intensity is usually weakest at larger angles 2theta

– If using a single peak, often get better results from using diffraction 
peaks between 30 and 50 deg 2theta

• below 30deg 2theta, peak asymmetry compromises profile analysis

Crystallite size broadening

Credits Scott A Speakman http://prism.mit.edu/xray

• Although the shape of crystallites is usually irregular, we can often 
approximate them as:
– sphere, cube, tetrahedra, or octahedra
– parallelepipeds such as needles or plates
– prisms or cylinders

• Most applications of Scherrer analysis assume spherical crystallite shapes

• If we know the average crystallite shape from another analysis, we can 
select the proper value for the Scherrer constant K

• Anisotropic peak shapes can be identified by anisotropic peak broadening
– if the dimensions of a crystallite are 2x * 2y * 200z, then (h00) and 

(0k0) peaks will be more broadened than (00l) peaks. 

Credits Scott A Speakman http://prism.mit.edu/xray

Crystallite Shape
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B.E. Warren, X-Ray Diffraction, Dover  - Cryst. Res. Technol. 1998, 33, 1141

Debye Scattering Equation

Progr. Colloid Polym. Sci. 2005, 130, 29

Ta2O5 BaTiO3

Debye Scattering Equation



9

Chem. Mater. 2004, 16, 2599

Cerium oxide, 2.5 nm

Adv. Mater. 2004, 16, 2196

Hafnium oxide
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Adv. Mater. 2004, 16, 2196, Progr. Colloid Polym. Sci. 2005, 130, 29

Hafnium oxide
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• The Rietveld method refines user-selected parameters to minimize the 
difference between an experimental pattern (observed data) and a model based 
on the hypothesized crystal structure and instrumental parameters (calculated 
pattern)

• Can refine information about a single crystal structure
• confirm/disprove a hypothetical crystal structure
• refine lattice parameters
• refine atomic positions, fractional occupancy, and thermal parameter

• Refine information about a single sample
• preferred orientation

• Refine information about a multiphase sample
• determine the relative amounts of each phase

The Rietveld Method

Credits Scott A Speakman http://prism.mit.edu/xray

It Requires:
• High quality experimental diffraction pattern
• A structure model that makes physical and chemical sense
• Suitable peak and background functions
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